
PPROVED FOR PUBLIC RELEASE. CASE 06-1104 


UNCLASSIFIED 

project 


SUMMARY REPORT NO. 2 


VOLUME 1 


THE 

WHIRLWIND PROGRAM 

(PART I) 


SERVOMECHANISMS LABORATORY 

MASSACHUSETTS INSTITUTE Of TECHNOLOGY 


UNGkiArSSIFlED 




















APPROVED FOR PUBLIC RELEASE. CASE 06-1104 


<• 


UNCLASSIFIED 

M-165 

P 1 of 10 

PUOJKCT 

•uxtary Kaoort Uo. 2 
Movaabor, 194’ 


1 Uatt.'icauon canceiiad 

by •ulhorlly 

■^T 

I U ll fV«*h.njl0A ••««•< t«f 

29202. 1 . 4.1 

i 

»no i H/Botlon Kilo «tr 

U4-f>. It . « 

k 


J. L f’rov l 



S«cu»*iy * 



*UVU. 



by direct.mi 



TIS KHIBlViro PB0G&AX. MBS I 
Vo'-uaa 1 of 22 Voiuae* 


Cod tract UorloO 


3anroaaehaa*. «*i Laboratory 
Mataiobuaotta lnetltnt* of Technology 
Cantrlrir* Maaaach.iwtto 




APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 




UNCLASSIFIED 

K-16B 

0 

Sunaary Report lo. 2 

Aathori of Bate riel for which 
oradlt la not glwan In tha wr cua 
reports and aamoranduna. 


Jay V. Porreatsr 
Hobart H. £varatt 
Harr la Pahneatoelc 
Prof. Philip Iranhlln 
Bn£h H. Boyd 
De-Id H. Brown 
Georg# G. Hoberg 
C. Hobart Vie ear 

Gntllnaa and 

Xdltlagt Prof. I. Ulaan 
Parry Crawford, SBC 


Printing and 

Aaaoably. John 0. Prootor 




APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 



K-166 


UNCESSSiFIED •“ 

JorevoTi 

&MMI 7 B*port Ho. 2 


Voloses 1 and 3 of this report review 
projeot status, objectives, toohnlcal dsvelop- 
»«nt, applications, and facilities. T 0 luas 3 
and Toluaes 5 through 22 correspond to techni¬ 
cal appendices. 

Tha uatsrial, In Its prsssntatlon, pre- 
sunss a ger«ral understanding of digital coo- 
put ers. A glossary is lncludad In this volons. 
Tba raadar who Is unreal liar with computers 
nay find the Introductory Bats rial of Voltne 4 
halpful. 


A hrlsf suaaary of tha project la glvsn 
In Section 1.0. a dlsonselon of tba Vhlrlvlnd 
prograa la 3.0, and a description of tha 
Vhlrlvlnd X computer In 3.0. 






APPROVED FOR PUBLIC RELEASE. CASE 06-1104 


£ _ 


UNCLASSIFIED 

K-166 Table of Content* 

Voluca* 1 Mid 2 


Volune 1 


/o reword 111 
Content* foltiae* 1 and 2 lr 
Ll«t of Illrstrntlon*. Volurj 1 *11 
Content* Volusea 1 throng 22 vlll 
Glossary of torn* *1 
Cross Reforoaeo List 


1 0 Soisaar r 1 

1.1 Tne Slanlatlon Pro olon 3 

1.2 Too Control Froblei 4 

2 0 The Wa Irlwlnd Program 6 

2-1 airlew cf Preliminary 

I institution* 

2 2 Parallel Torsn* Serial 

Computer 11 

3 0 tfhlrlwlal 1 IB 

3 1 C)o»5rlptloi of Whirlwind J 

3 2 Arlthsetlc a lee* at Id 

3 3 Storage 20 

3 4 Control Control 24 

3 6 I-wj; and Output Oowlres 2S 

3 6 A. r jraft Cockpit S .aula*.ton Z 7 

4.0 Baoeenrh and Development 

4.1 Atthmetlo tlenont 

4.2 Storage 34 

4.3 Z.eetronlo Clrcolt* 37 

4 31 flip-Hop* 37 

4 32 Gate Circuit* 38 

4 33 Bleb Speed Swltoh** 39 





APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 


* 


K-liifi 


UNQiiA&SiFIED 


6.0 


6.0 


7.0 


Content a, Volune 1, Continued. 




Page 


4.34 A-C Coupling Circuit* 

40 


4.33 Crystal Rectifiers 

40 


4.36 Pulee Trsbiforaert 

41 


4.37 Miscellaneous Tubes 

41 


4.30 Miscellaneous Circuits 

42 


4.39 Test Xqulpasnt 

43 

4.4 

Input and Output Iqulpacmt 

44 

4.6 

Aircraft Cookpit 

46 

8ysi 

ea Design Studies 

50 

8.1 

Inspection, Checking, 



Trouble Location 

50 

8.2 

Control Punotlons 

67 

Applications 

60 

6.1 

Air Traffic Control 

61 

6.2 

Air Torest Computer 

66 

6.3 

A ray Nary War College Slsulator 

67 

6.4 

Oulled Missile Data Reduction 

66 

6.8 

The Census Problea 

69 


▼olrute ? 


Mathematics 

1 

7.1 

The Matheaatlos Progren 

1 

7.2 

Studies Already Conpleted 

2 

7.3 

Plan for future In-rsetlgatlon 

3 

7.4 

The Practical Estloate of Error 

6 

7.8 

Influence of Matheoatlca on 



Whirlwind I Design 

7 


8.0 Training 

9.0 Inglnearlng Tin.' Distribution 
9.X SUTf Tlae Distribution 

10.0 Organisation and facilities 

10.1 N.I.T. Organisation 

10.2 Project Personnel 

10.3 facilities 


13 

13 

19 

19 

20 
21 








IAPPROVED FOR PUBLIC RELEASE. CASE 06-1104. 


UNCkrttysiFiEp 

R-:ac 


Contango, To las a 2, Continued 


10.31 Span* and Serrlcaa 

10.32 Klaotronic Engineering 

10.33 Sto-"aga Tufce 
Develops ont 

10.4 Photcgrnphs 
10.0 Staff Mat 
10.6 Machine Tools and Kqolpmant 57 


I 


» 









APPROVED FOR PUBLIC RELEASE. CASE 06-1104 


* 




UNCJ^glFIED 


Illustration 

Illustration List 

Toluvs 1 

Afte: 

Busbar 

71 Us 

Pago 

3-31203 

Slnnlator Syrter. 

4 

-U3U92 

Project Whirlwind 

7 

3-31202 

Tins Sohsdolo 

16 

A-31206 

Whirlwind I Cabinet 

17 

3-31016 

Whirlwind I Installation 

17 

-V-31063 

Whirlwind I Control Desk 

18 

X-31108 

Input Keyboard 

18 

A-30892 

Storage Tube 

21 

t-30886 

Bolding Oun Operation 

22 

3-30688 

Storage Tube 

23 

18-263 

Circuit Besearob 

32 

IB-246 

Circuit Development 

32 

ra-264 

Circuit Do sign 

32 

TB-262 

Panel Assembly 

32 

PB-267 

Prototype Design 

. 

13-266 

Systws Test 

32 

rB-304 

5-31 git Multiplier 

32 

>-31200 

Problea Solution Sequence 

61 

>-31189 

Air Traffio Control 

61 

A—31190 

War College Simulator 

67 

A-31191 

Guided Missile Data evaluation 

68 






r PPROVED FOR PUBLIC RELEASE. CASE 06-1104. 

_ .. -— 


I 

H-186 


( 


UNCLASSIFIED 

Samar/ Report Ho. 2 
OoBtali 


ypL. 

1 Th* Whirlwind PrjgTaa, Part I 

Whirlwind X 
Component Doralopsent. 

9/aten Dosign Studios 
Application* 

2 The Whirlwind Progran, Part XX 

Mathaaatloe 

Training 

Staff Time Distribution 
Organization and Paollitlaa 

3 Project Whirlwind. 9anaar/ Report Ho. 1 

Project Stat-ia aa of June 1946 
Analogue Coaputlng Technique* 

Aircraft Equations 

4 Xntrodoctor/ Material 

A.X.B.B. end I.LG. Tagore 
M.X.T. Xlectrlcal Aaglnoerlsg 
Dopartaont Sealnare 
Diaoussion of Blnar/ Ar5 tlaietlc 

6 Whirlwind X Coaputer Block Diagram, Part I 

Text for Daaoriptioa of Whirlwind X 

6 Whirlwind X Coaputer Block IHagraaa, Part IX 

Drawing* fo. Daaoriptlon of Whirlwind I 

7 Block Diagraae, Part XXX 

Additlona to Toluaee 0 and 6 
Input and Output Block Dlagraae 
Tentative El»ctrootatlc Storage Control 
Chocking Pro blase 
Coaputer Coda* 

Alphabetic Xaforaatlcn 
Serial Coaputer Block Diagraae 




APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 


4 




# UNCPtftSSIFIED “ 

. K- 16 C 


Sunnary Report En. 2 
Contents, Continued 


TDL. 

8 Mathematic* 

The Whirlwind Mathematics Program 
Humerieal Integration and Stability 
Wiener'• Filter Theory 
Target Location 

9 Storage Tube*. Part I 

Somsary of Storage Tube Development 

10 Storage Tnbee, Part II 

Preparation of Dieleotrlc Surface* 
Seoondary Electron Control 
Deflection Circuit* 

11 Inpit and Output, Part I 

Xaataan Pi la Reader-Recorder 
Mechanical to Binary Connerelon 
Magnetic Recording 
Typewriter-Printer 

12 Inpat end Output, Pert II 

DecInal to Binary Conversion 

Surrey of Mechanical to Binary Conrerelon 

13 System Drawing* 

Dlecueelon of Bleetroalo System Progress 
Drawlnga of Part* of Syetw 

14 Alroraft Simulation 

Dlecueelon of Squatlone of Motion 
Coding Solution of Xquatlone 
Determination of Computer Site and Speed 
Cockpit Mounting and Equipment 
Control-force Loadere 

15 Crystals. Flip-flops, and A-C Coupling 

1534 Crystal Died# Characteristics 
Development and Reliability of 
High-speed Flip-flops 
Advantage* and Kathods of A-C Coupling 





APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 



UNCL J TOiF JED 


Susn&iy Report Be. 2 
Contents, Continued 

VOL. 

16 Vacuum tabes 

Measurements on Previously Available 
Oats tubes 

Development of low Oats tubs 
Charaoterlotlos of Other tubes 
tubes to be Used In *hlrlvlad I 

17 HJgb-9peed Svitche* 

18 Pulse Transformers 

19 test Equi;«ent and Mltcellansoui Circuits 

Special Test Iqulpnent for Vhlrlvlnd 
Computers 
Oats Circuits 

Video Cable Driving Studleo 

20 loonoseope Studies 

21 PulseAigtts. Part 1 

Llgb Intensity Lights Controlled to a 
fev Microseconds Duration 

22 Pul sad Lights. Part II 






APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 


<• 


UNCCR’SSIFIED 

H-166 


Glossary 


Ion 


M oaning 


Accaes time 


Accumulator 
Analogue computer 


Arithmetic element 

A-Register 


31 nary digit 


Binary muter ajitu 


Block diagram 


B-Beglotar 


Bus 


The time requl rod to transfer numbere 
to or from the storage. 

The adding uni 1 of the arithmetic element. 

A computer In which numbers are represented 
by physical magnitudes euoh at rotation of 
a ehaft or <p»aatlty of charge In a 
condenser. 

The part of the computer that performs 
the aotnal arithmetic operations. 

The register In the arithmetic element 
used to hold numbers coming Into the 
erlthmetlo eiaaent from the bus. 

A digit of a binary number. The binary 
system usee only the digits 0 and 1. 

Unary numbere oontaln an overage of 
2-1/S times as many digits as corresponding 
decimal numbs•4. 

A system In vhlob the digits of e number 
sre the coefficients of powers of the 
lass 2; just as In tha doolaal system, 
the digits are oosffldents of powers of 
the baas 10. 

A functional sohriatlo; a drawing or 
study which Is concerned only with the 
functions of Its elements and not with 
their physical details. 

lhe register In the arithmetic element used 
for holding tbs multiplier, etc., during 
arltfametlo operations. 

i group of eondnotors used for trans- 
alttlng a oomplet* number or order. 
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2n 

Carry 

Chalk register 
Control 

Digital computer 

31 aotro static etoraga 
tuba 

flip-flop 

Oata tube 

High-apea<l carry 
Input 

Halter clock 

Matrix switch 


Hta&as 

A poaalble overtlow In a single digit 
col urn following an addition. The carry 
bui t ba added fron one digit colcnn tc 
the next. 

The apealal register provided for tho 
trenafer check. 

That part of the oaiputer which centrele 
the operation o 1 the storege and the 
erlthaetlc eleaent. 

A conputer In which quantities are 
represented nuaerlcally. 

A ipeclal cathcdi rey tube In which bleary 
digits are stored as positive or negative 
chtrges on a dielectric plate. 

A two-tube electronic device of which 
either one tube or the other la conducting 
but not both. According to whioh of 
tht tubes Is coninotlng, the flip-flop le 
said to bo storing a 0 or a 1. 

A lultlgrld tuba which will aonduct only 
if pooltlve voltages ore applied to nil 
grids. Only two-grid tubes are oonelderod 
In thle report. 

A lyetea In which ell carrlee In all digit 
colunns are executed simultaneously. 

Th« euuioeent need for applying 
laloraatlon to the oonputor. 

Th« primary source of the pul so a which are 
cs«d to operate the oosputer. 

A iwitch for decoding binary nunbir■ 
which operates by Mixing, In a eet of 
dlcdae or reel store, the outputs of fllp- 
flcpe holding tho binary uiatsr. 
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Multiple-length number 


Hultlple-address code 


Operation oontrol 


K number that ocouplos Bore than one 
re jl a tor, aeed for higher accuracy or 
for alphabetic '-.aforratlon. 

Orders In general consist of an 
Instructional operation code plus the 
positions or addressee of one or mors 
of tue words in the storage. Orders 
are called single or multiple-address 
oriere depandin ; on vhutner thoro are 
ons or more references to atornge for 
eesh operation- 

The part of the complete control which 
dlraote tha arl ;hnetlo part of enoh 
operation. 


Operation matrix Tbe array of co meet lone whloh gates 

the control gate tube* according to tbe 
selected position of the operation 
oontrol switch. 


Operation timing 
matrix 


Order 


Output 

Parallel transmission 


Program control 


Tbe array of connections whloh supplies 
tbs selactad control gats tubes with 
tbs proper tine pulses. 

1 codsd Instruction inserted V the 
operator and used by the machine In 
carrying out Its arithmetic operations. 

Tbs equipment used for extracting 
Information from the aomputer. 

Tbs system of data transxleelon In whloh 
tbs digits of e numb or arn transmitted 
slsultanaoualy osar separate lines, as 
contrasted to serial transmission. 

Tbs pert of the oontrol which sets xxp 
ssah operation orlor to Its arithmetic 
execution. 
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la 

Program counter 
Pro gran register 

Pula* repetition 
frequency 

Itegleter 

Scale factor 

Serial programing 


Serial trim talecion 


Shift 


Sign digit 


I aiming 

3»o part of the computer that eoleote 
the next order to he performed. 

The part of the oonputer used for 
holding order* after they are extracted 
fro* atorag* bvt before they ora 
carried out. 

Kunter of pul to* generated per second. 


* group of decent • used In the machine 
to etor* a eln/-le number or order 

The mnltlpllor aoaoolnted with oaoh 
timber in the raohlne used to force time* 
numbere to occupy the limited range of a 
machine register. 

Entoution of ocelots arithmetic 
operation! on* at a time. Coding Is 
simpler and easier to organise where 
simultaneous arltbmetlo operations are 
avoided. Serial programing Is possible 
with either parallel or serial digit 
truns'll salon- Tbs alternate or multiple 
progriw-.xlng le aonatlne* need, to Increase 
computer spend. 

The ayetem of oata transmission in which 
the digit■ of n number ere trancmlttod 
in eequsnoe over e elngle lino ns con- 
treated to parallel digit trim scission. 

Mo Tenant of a i umber la a register one or 
acre plaoee to right or loft; equlvdont 
to multiplying or dividing the number by 
n power of 3. 

A single digit of a machine ranbor uerd 

to designate algebraic sign. 
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Tflrm 


Waning 


Simulation 


Single-address code 


Step counter 


Storage 


Subprogram 


Three-address oode 


The representation of physical oyetema 
by a computer. For further Information 
sse Section 1.1. 

Orders In general oonelst of an In¬ 
structional operation oode plus the 
positions or addresses of one or more 
of the words In the storage. Orders are 
called single- or multiple-address 
orders depending on whether there ore 
one or more references to storage for each 
operation* 

The binary oounter used In the arithmetic 
element to count the steps In multiplication, 
division, and shift oporatlons. 

That part of the computer that holds the 
nui'bers and orders used by the cosqiuter. 

It Is made up of a number of storage 
regl stars. 

A subsidiary sequence of orders which may 
bo Inserted In the main sequence of orders 
whenever desired. 

See multlpla-addrase codo. 


Time pulse distributor; A dovloe for distributing clock pulses on 
Time pulse to a sot of llnee In some fixed sequence-, 

the resulting pulses. 

Toggle-switch storage The 37 toggle-switch registers making up 

pert of the tact storage. 


Transfer 


Trigger 


The tranemleslon of a number from one 
rsglater to another. 

A sharp pul so used for Initiating a 
switching operrtlon. 


Word 


The aevorol digits making m, a number or 
order. 
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Sactlon 1.0 

Summary 

Projsot Whirlwind at ths Massachusetts Institute of Technology 
Sorvomechanl sms Laboratory la sponsored by tha Special Da vice a 
Canter of tha Office of Naval aesearoh. The Project la engaged in 
the atudy and deelgn of elajulotlon and control systems Involving 
hlgh-epard electronic digital conputera. The greater part of the 
Projeot effort la at preaent directed toward the deelgn of euoh 
cosqjuters. 

The original objective of the Projeot when atarted In ' .bar 
1944 was the oonetructlon of a simulator to predict the flight 
charaot eristic a of large aircraft. Sleotrloal analogue computing 
equlpment similar to that used In aone fire-control cotqnatere waa 
flrat propoeed but waa discarded as unsulted to a problem as com¬ 
plicated as the alroraft simulator. It waa reallied that the re¬ 
quired oapaclty and eeneltlvlty could only be obtained by the uae 
of numerical computation methods Equipment an! techniques origi¬ 
nally developed for radar made possible the necessary high com¬ 
puting speeds. 

The electronic digital computers under Investigation are so 
universal end flexible In their applloatlone that the eoope of the 
Project hae been extended to the atudy of other problems. These 
other applications Include air traffic control, Army and Navy War 
College oombat simulators, guided mleelle data reduction. Census 
Bureau problems, and loglatlos computations. These new problems 
require digital computers and associated data conversion equipment 
which are no different fro* the equipment being developed for the 
aircraft simulator. The computers will also be entirely suitable 
for aolentlflo and engineering calculations Including statistical 
research. 
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Section 1.0 

The most Important element of these simulation and control 
systems Is r. properly designed electronic computer.. Designs con¬ 
templated Include provision of storage oepacltlee of as much as 
16,000, 10-dlglt decimal numbers and computing rates as high as 
25,000 multiplications per second. Design and construction Is 
now prooeedlng on a prototype computer called Whirlwind I, This 
computer will have a storage capacity of 2,000, 5-dlglt decimal 
numbers and a computing rats of 20,000 multiplications per second, 
All oomputers contemplated can be set up for new probleme In a 
natter of minutes, using previously prepared photographic Input 
films. 

Technically Whirlwind I Is of the parallel-digit-transmission 
type, uses electrostatic storage tubes for storing numbers and 
orders, and operates In the binary Instead of the dsolmal number 
system. Automatic oonverelon equipment le being provided at 
film preparation units so that the human operator need handle 
only dsolmal numbers. 

An aircraft coolcplt and control equipment le being built to 
•tudy the alroraft oontrol problem. Tull soale solution of alr- 
oraft stability mast await a larger computer than Whirlwind I. 

It Is planned that 'Whirlwind I and at least part of the associated 
simulation equipment will be operating by January 1949, 

Sections of a Whirlwind type computing element have been 
built and are satisfactorily passing tests. The electrostatic 
storage tube, which le being developed at Is progressing 

on the desired time schedule. Its status is now between the re- 
searoh and development phases- Small tubes have been built and 
have proved successful. Work le proceeding on larger tube* with 
faster operation. Special electronic circuits have been developed 
and are operating satisfactorily. 
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Seotion 1 X 

Automatlo ohecklng of computer operation, and lnapeotlon 
methods for detecting marginal operation are being Incorporated. 

Mathematical research Into problems of most urgent Interest 
la part of the Projeot jorlc. Training In digital oomputere and 
their applications Is Included In the Projsot and the M.I.T- 
academlo activities. 

1.1 Tha Simulation Problem 

The primary objective of Projeot Whirlwind Is to develop 
simulation and control eyeteme based on digital computers. 

The Immediate objective is to provide a computer for simu¬ 
lating In detail the flight of alroraft on a real time seals. 

As the term Is used bars, simulation Is tha substitution 
of a computational process for soma real physloal process. 

In flight simulation, a computational proeeee that solves 
aquations describing tha flight of an airplane Is substituted 
for the real flight of the airplane. 

Slsulatlon constitutes a means for setting up In the 
laboratory a working modal of a complex process. This working 
modsl Is a means for studying the behavior of the process, 
developing equipment for controlling the prooess, and training 
human operators to control the process. 

Two phases sxlst In nearly all simulation problems — the 
study of human reactions, and ths representation of a physical 
system. In alroraft simulation for example, primary stress 
Is on ths physical alroraft representation but evaluation Is 
based on ths human pilot reactions. In simulators used for 
personnel training, on ths other hand, primary stress 1* on 
the human element although here again ths proper physloal 
environment is provided by the simulator. 
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Drawing *<-31203 shows the elanenta of any simulator 
system. Captions Illustrate the aircraft control and 
stability s Inula tor. * flexible oosputar with collets 
generality of Internal organization la programed to execute 
the oontrol and computation operations required for the prob¬ 
lem. Input aeohanlaaa receive the data and control oodo to 
deaorlbe the problem. In operation, Inputs are continuously 
received through phyaloal-to-muserlcal oonvartara froa the 
specialised simulation setup. These Inputs provide the 
human variable of the problea. Outputs era asnt to dlaplay 
units for the huaan operators and are also recorded for 
study and reference. 

The computer with Its Input, output, and conversion 
equipment la the heart of the simulation system. It Is non- 
speolallted and can serve without alteration In many different 
simulation systems. The display and actuation equipment Is 
designed for tbu particular simulation problem. See Seotlon 6.0. 

The computer part of the simulator Is Identical with that 
required In oontrol systems. 

1.2 The Control Problea 

Control corresponds In many ways to simulation. The com¬ 
puter can be ldentloal and other physical equipment may be 
similar. In oontrol, the oooputer Is not substituting for a 
missing part of the system but Is an motive and neosssary 
part of the syotea operation. The digital ooeputer as a oon¬ 
trol dsvloe will correlate available Information on the pro¬ 
cess being controlled, will predlot accord log to prescribed 
rules, end will actuate the desired controls and displays, 
dee Section 3.0 and 6,0 for discussion of oontrol and Its 
application to air traffic. Industrial processes, power plants, 
and aooountlng. 
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Section 1-2 

The great computing oapaolty of an electronic digital 
machine oan be utilised to control prooeaeee whose compli¬ 
cation is beyond, the scope of present day analogue controllers. 
These proceeees include those where the amount of calculation 
required for the correlation of Information le large or where 
the sensitivity of oontrol mast be very great. A digital 
computer Is also capable of providing aoourate compensation 
for non-linear closed loop systems and oan execute any 
logical operations which are speolfled. 

Where the number of controlled quantities Is large a 
digital computer will be lest expensive, smaller, and lighter 
In weight, than equivalent analogue controllers, even when 
these latter oan do the work. The generality and flexibility 
of the digital computer permits ready ohangs from Job to Job 
ae o 1 room stance e require. The obsolescence rate on digital 
computers for control should be low since the basic oomputer 
Is Independent of obeoletcenoe of the prooeesee and equipment 
controlled- 




I 
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Section 2.C 

The Whirlwind Program 

Present project work le devoted to deelgn end oonetruotlon of 
the Whirlwind 1 computer, lte associated equipment, and Its appli¬ 
cation to prohlema of principal Interest. The Whirlwind 1 equip¬ 
ment Is being designed as a prototype of the system selected for 
use In simulation and oontrol. However It will have capacity for 
many aotual problems of Interest and for preliminary study of more 
oomplex problems. Particular attention Is given to engineering 
design, packaging, servicing ease, checking, and trouble location 
Hew assigns following Whirlwind I will Increase machine oapaolty and 
reduce physloal sire. 

The most Important mathematical problems are being formulated 
and coded- Block diagrams of the Whirlwind 1 computer are nearly 
completed. Eleotroetatla storage tubee will be constructed at the 
Servomechanisms laboratory. An alroraft cockpit complete with 
Indicating instruments and oontrol force loading servos Is being 
designed. 

Sylv&nlm Eleotrlo Products, Ino-, Is designing parts of 
Whirlwind I and will oonatruot most of the eyetem. 

Photographic Input and output equipment will oome from the 
Eastman Kodak Company. 

Over 40 staff members are engaged In Projeot Whirlwind work 
at M.I.T. To houee this aotlvlty, M.I.T has reoently purchased 
the Barta Building on Kaeeaohueette Avenue to permit, expansion of 
the Servomeohanleme Laboratory facilities. Seotlon 10.0 treats 
personnel and facilities In detail. 

Training of new personnel in the design and uee of eomputers 
Is an essential part of the program. Training and academic work 
are dlsouesed In Section 8.0 
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Section 2-1 

A Ion,;-range viewpoint has been adopted, end etreai baa 
been laid on obtaining the proper coiiponenta for a computing 
machine of high performance and maximum reliability. A parallel- 
digit transmission system rather than a aerial aystem baa been 
adopted aa moat eatlsfaotory for the Whirlwind requirement a. 

Likewise. the eye tea la being deelgned around eleotroatatlc storage 
tubee of new dealgn rather than the leaa eultable atorage oo» 
ponenta already in exiatence. 

Magnetic intermediate atorage aa an erasable medlua may be 
required in certain future applleatlona of the Whirlwind ayotea. 
Magnetlo atudies are being oonduoted as part of the program, and 
equipment developed at other computer reeearch center a oan ha 
utlllaed in future applleatlona. 

The Whirlwind I computer will be followed by Whirlwind 11, 
plane for vhloh are not fully eatabllahed. The Whirlwind 11 com¬ 
puter hae been tentatively referred to aa having s register lsngth 
of 40 binary dlglte and a atorage capacity of 640,000 binary digit a. 
'l'hasa tantetlva apeelfloatlona will be revlaed to fit the problem# 
of gresteat lntareat before final daalgn la undertaken. Zha more 
pressing problame In elmlatlon and oontrol lndloate a maohlno with 
a shorter register length than originally planned. The next daalgn 
following Whirlwind l ie expeoted to have a register length longer 
than 16 digits of Whirlwind 1, and equivalent or higher coaiputlng 
speed. In physical form It will be mub more compact and may be 
•sal-mobile t 

2.1 bevies of Preliminary Investigations 

The evolution of the Whirlwind Program la illustrated in 
brewing A-31192, The oontraot was undertaken in Daoember 1944 
for the development of an aircraft stability and oontrol analyzer 
based on analogue computing equipment. This work la revlmwmd In 
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Section 2.1 

Volume 3, Summary Heport No. 1. Approximately nine months of 
■tody demonstrated that analogue computation was uneulted to 
the aircraft simulation problem. Sufficient analogue computing 
equipment for solution of the aircraft equations could not he 
assembled Into one working unit. The required non-linear 
fhnotlone of several variables proved especially difficult to 
organise on en analogue computing baels. 

In the fall of 1945 digital computation was rscognised ae 
the only probable eolation to large-eoale simulation problems. 
Dleoueelon with Or. H. B. Ooldetloe, then with Army Ordnance, 
and with Dr. John von Baumann of the Institute for Advanced 
Study were especially helpful at thle period of Project Whirlwind 
development. By April 1945 It wee concluded that the alroreft 
stability and control analyzer could be bandied by digital oom- 
putat Ion. 

During the course of the digital cooputer studies the air¬ 
craft simulation problem wae Investigated by mambore of the 
Servomechanisms Laboratory, the Aeronantloal Engineering Depart¬ 
ment, end the Mathematloe Department of M-l.T. 

The numerical ranges of variables In the aircraft problem 
Mrs Investigated and are reported In Volume 14, 2-49. The re¬ 
sults of thle work formed the hasle of a eoale factor study In 
reducing the aircraft simulation to digital computing machine 
terms. An aotual airplane model wae tested In the Wright 
Brothers Wind Tunnel to obtain the data neoeeeary for coexists 
aircraft simulation. The wind tunnel data required le much more 
extensive than normally taken In engineering etudlea of alreraft 
models. The results of these wind tunnel studies for the particu¬ 
lar sodel under test are given In Volume 14, B-98 The equation* 
of motion selected to represent an airplane are given In the 
appendix to Volume 3 and In Volume 14. The equations Include 


\ 
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■any funotione of several variables to be aoasured by wind 
tunnel teeta. 

the complete eat of flight equations for aircraft slmu 
latlon vara coded la the tarns required for a serial type digital 
eoaputer. This oodlng la auaaarlsed In Volume 14, C-1B, and 
foraad the basis for establishing required storage capacity and 
computing speed la a digital aachlne. Xt was found that a 
miltlplloatlon tine of 60 aloroeeoonds or leas, Including 
transfers, would be required. To permit sufflolently rapid 
access to stored data, the function tables for presenting 
the alroraft must be stored la the high-speed Internal memory, 

4 storage capacity of at least 10,000 members of about 30 
binary digits each la required to contain both the Initial 
data and the controlling program. 

4 aerial type digital computer was first considered and 
was discarded In favor of a parallel machine. A comparison 
of parallel and serial machines will be found In the following 
section. 

Selection of digital computation for the alroraft simu¬ 
lation problem opened up vast new fields of application for 
the shipment under development. Theee night be divided lntoi 

A. Simulation 
B Control 
0. Calculation 

The applications to simulation and to control are of 
principal Interest to Project Whirlwind, However, e natural 
by-prjduot cf the equipment neoeseary In theee two flelde Is 
th» oomputlng equipment required for calculation In engineering, 
solenoe, and economics. 
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Simulation le distinguished from otaer applications of 
computers primarily by tho pretence of himan beings In the 
proctet being studied, and by the noceaslty for a real-tine 
souls of tbe eolation. These two overlapping aspects of 
simulation can be divided Into (1) human response studies 
and (2) studies on physical eystens. Slsulatlon embodies both 
the human and physical elements In varying degrees* A mili¬ 
tary taotlcal or combat simulator might be primarily con¬ 
cerned with command functions and the training and evaluation 
of persons responsible for deolslone. Toe original problem 
of aircraft simulation met on the other hand stress the be¬ 
havior and reality of the aircraft as ph/sloal equipment. 

The field of control Is a broad one, lnoludlng such di¬ 
verse applications as air trafflo, ohemloal processes, mili¬ 
tary equipment, power stations, and fleeil control or accounting 
As lndloated In tbe figure, most praotlcil problems Involve s 
combination of several of these divisions. 

The greatest long-range contribution of oomputlng equip¬ 
ment may be In the field of calculation relating to engineering 
and to the physloal and social sciences- Tike greatest amount 
of equipment will, however, find its way Into the simulation 
and control funotions 

A prototype Is considered necessary for Initial design and 
appllsatlon studies of a parallsl type oemputer. As with moet 
digital cosgraters, a small maohlne Is Impractical to build. 

Ones s satisfactory control system has boon established, at 
least half of tha squlpment necessary for a useful computer Is 
In szlstsnce. The Whirlwind I system ha i been designed as a 
compromise between a small computer for itucy purposed and a 
large machine for handling problem* of lumedlat* Interest. A 
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small machine of the parallel type means a short number regis¬ 
ter length. The register length of Whirlwind I was seleoted 
to glee a satisfactory order length for controlling the desired 
amount of storage and for providing a satisfactory number of 
oontrol operations. The number or word length Is 16 binary 
digits, making possible the oontrol of 2,046 storage registers 
of 16 binary digits eaoh and making available 32 oontrol orders. 
Whirlwind 1 will lnoorporate more internal storage than any 
existing computer. Its storage capacity and speed are satis¬ 
factory for Initial studies In most simulation end oontrol 
problems. Tor the use of Whirlwind I In the study of aircraft 
simulation ees Volume 14, M-148 and H-65 Tor the relationship 
of Whirlwind I to air trafflo control, see Section 6.1 In this 
volume. Studies to date lndloate that a high-speed computer 
of ths Whirlwind type with somewhat greater storage capacity 
and register length than Whirlwind I will probably be best 
suited to moat simulation and oontrol problems. Beoauss these 
machines oan be operated with multiple-length numbers for high 
precision, they will likewise meet most computation requirements. 

2.2 Parallel versus Serial Cosyuter 

in extensive etudy of serial computing systems was made 
before selecting a parallel system for Projsot Whirlwind. So sc 
of ths results of this serial study are outlined In Volume 7, 
£-24. The serial machine ooneldsred used a three-address oods 
In order to obtain hlghar operating speed. Multiple-address 
oodss are lees Inefficient than a single address oods and are 
considered undesirable. To obtain the required computing 
speeds for the Whirlwind problems, ths on chine on a serial basis 
beoarnu suoh too complicated. 
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A heavy computing load axlato In nearly all almulatlon 
and control problem* being oonaldsred. Where a computing load 
auff'olant to oocupy the time of a high-speed parallel machine 
exlets, It oan be ahown that the parallel oomputer ueee it* 
circuit component* more efficiently than the aerial ayetem. 

In any practical machine, the parallel oomputer le 
larger Is phyeloal els* than the aerial. However, a* shown 
below, the computing capacity per unit of circuit component* 
le muoh higher In the parallel then In the aerial machine. 
Although larger, the parallel machine Is actually no mora 
oomplax In organization and arrangement than the serial 
machine, since both must hare a oontrol capable of oarrylng 
out the aeme types of operation*. The serial machine tends 
to be conpoeed of many different types of electronlo circuit* 
wharoae the additional alze of the parallel machine requires 
only duplicating olroulte, eepeolally In the arlthmetlo element. 

Sfflolenoy In the aerial machine le low bnoonee circuit 
component* oan be ueed only a email fraction of the time. 

During muoh of the operating time, olroult component* in a 
aerial machine using delay type atorag* ar* Inactive while 
waiting for stored cuantiti#* to become available at the out¬ 
put of the delay unite, bfflolency le further reduced In the 
serial machine because the rather oo^plex oontrol equipment 
oapable of oarrylng out high-speed operations le Inherently 
limited In Its speed by the associated storage and arlthmetlo 
units. * 

The following tabulation 1* set up for a oomputer typloal 
of thoee which may follow Whirlwind I for many simulation and 
oontrol problems. Two thousand storage register* of 20 binary 
digits eaoh have been selected for discussion. Satina tee for 
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tube* In the parallel ayotern are obtained from the figures In 
Volume 16, M-132. Twenty-fir* peroent hat been added to three 
tube need In part* of the eyeten which would be lnoreaaed 
from 16 to 20 unite. The vacuum-tub* flip-flop and toggle* 
•wit.oh storage Inserted In Whirlwind 1 for test purpose* 
have been omitted. Neither the parallel nor serial estimate 
Includes Input and output equipment, slnoe type and number 
algit be speolal to the particular application and would be 
used at oosq>arabl* efficiencies In the two machines. In 
aoos classes of problems, the parallel computer can control 
and effeotlvely use a larger number of Input and output unite 
than oan tae serial computer. Kstlmatea for the serial system 
are bated on the best available Information, and ara approxi¬ 
mately oorreot. 

Parallel lierlcl 

(X at 1 mates) 

Tubes In Control lnoludlng 
Storage Switching 1100 600 


Tubes In Arithmetic Element 

1300 

300 

Tubes In Storage System 

BOO 

400 

Total Tubes not lnoludlng 

Input and Output 

3900 

1200 

Multiplications par sacond 

30,000 

1200 

Multiplication per seoond 
per Tube 

6.9 

1.0 


£fflatency Ratio • ■> — 
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It will be seen from thaM figure• that idiere a suffi¬ 
cient computing load szlete, the parallel system ehowe 
approximately a 7 to 1 advantage over a serial system In 
capacity per vacuum tube. Slnco the types of circuits are 
slallar In either oase, the nuaber of tubes oan be taken as 
a reasonable basis for oomoarlng total oosto 

Other ssoondary advantages accrue to the parallel machine. 
The design oan b* readily extended to aore digits per word 
because timing and control does not depend on word length as 
In supersonlo and magnetic drua storage of the delay type. 

The register length can be Increased by simply adding equip¬ 
ment for the extra digit coluans. High speod Is obtained 
while still maintaining the aerial or stop-by-step programming 
sequence. This, along with the single-address cod*, simplifies 
problsa setup and coding. The simultaneous availability of the 
setup and coding. The slanltaneouc availability of tbs algp 
digit and the entire numerical value of a n-ueber Is advantageous 
In reducing computing time for certain operations. Tor trouble- 
location purposes, tbs parallel oo^juter oan be more readily 
operated on a pulse-by-pulse baele from a push button oontrol. 
Operation of the computer below a oertaln maximum speed Is 
Independent of repetition rate, and cloee temperature oontrol 
Is cot nsosss&ry as with mercury delay lines. 
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Seotlon 3.1 


3.0 Whirlwind I 

Whirlwind I la a prototype computer beln t; oonatruoted to teat 
the engineering principles of the Whirlwind System and for reaearoh 
Into computer applications. In Whirlwind I will be tested the re¬ 
sults of the research and engineering design reported In Volumes 3 
through 19. A ganeral description of Whirlwind I follows In the 
next section. Block diagrams for the arithmetic and oontrol units 
are complete In Volumes 6 and 6. Detailed block diagrams on Input 
and output and on storage are not Included In Volumes 5 and 6 but 
are outlined In Volume 7. 

functions In Whirlwind I have been so divided that research 
and development of the arithmetic and oontrol units can be entirely 
Independent of the high-speed storage. More rqold progress le 
possible vhere the groups working on these two divisions can operate 
without continuous and detailed coordination. 

Sylvanla Electric Products, Inc., In Boston Is contributing to 
the final engineering and the construction of Whirlwind I to the 
maximum of Its ability. The Eastman Kodak Company Is developing 
the photographio input and output devices which will bs used. 

Drawing B-31202 le an approximate time schedule for the Whirl¬ 
wind I system. It does not Include general activities such as mathe¬ 
matical and coding studies, or research which le not a necessary part 
of Whirlwind I. Electronic assemblies aro expected by the summer of 
1948, storage tubes asl circuits by fall, and oomplete system oper¬ 
ation by about January 1949. See Section 4.1 for experience to date 
with a 5-digit arlthmetlo element. 

3.1 Description of Whirlwind I 

Whirlwind I Is an electronic cosiputer using parallel binary 

digit translation. To moke problem coding easy, operations ara 
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performed one at a time in serial order. for simplicity and 
etorcge economy, a single-address code Is used. In general 
the code describes In Its two sections the storage register 
location and the control operation to be performed. An 
exception Is made In shifting, where the register section of 
the order Indicates the number of positions to be shifted. 

A register length le 16 binary digits, and the computer 
will have a storage capacity of 3,048 registers. 

Operating time for the different control orders does not 
vary greatly. It is primarily set by the storage extraction 
time, the necessary transfers, and the transfer cheolc sequence. 
A complete multiplication Including all transfers will require 
about 80 microseconds, future decline should require less time 
even though register lengths will bs longsr. Whirlwind I does 
not compute while eleotrostatlc storage le being eet tip; this 
overlapping may be Incorporated In future deelgns. 

The 16-dlglt length le satisfactory for mnny simulation 
and control problems. Three special orders arc provldad for 
oonvenlenoe In the use of multiple-length numbers. Theea 
special ordere nro described brlofly In Volume 7, JA-137, Th» 
sequence of operations to be executed by any one of thens 
orders le optional and otn be selected by tha operator for each 
Individual problem. They can for example be used for double 
or triple length operation* of addition, subtraction, and 
multiplication. On the other hand, they might be used for ex¬ 
trication of roots, carrying out Interpolation sequencoe, 
Integration, or performing matrix operations. They are 
essentially special program orders requiring less than the 
usual number of steps by the operator. 

Numerical Input and output will be from 3!>~mm photographlo 
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Section 3.1 

111*. Graphical output plottad both ae functions against reel 
time and as ona variable plotted against another will be pro¬ 
vided. families of curves can be traced and pnotographloally 
recorded. Important In simulation problems Is the ability to 
sooept Inputs from physical measurements and to control special 
output Indicators and servomechanisms. Conversion equipment 
will be provided for converting shaft positions and eleotrloal 
signals to binary numbers. On the output, binary quantities 
will be oonverted to instrument Indications, oathode ray tube 
deflections, and control voltages. 

Thirty-two control orders are available. Many of these 
are dlsoussed In detail In the Block Diagrams, Volumes 6 and 
6. Additional ones are discussed In Volume 7, H-137. The re¬ 
maining orders are available for assignment In the future as 
required. The system Is so designed that special orders can 
bs readily added as needed. 

Dsel&i of the computing circuits stresses reliability 
and the widest operating margins consistent with the roquired 
performance. Sven though operation Is possible down to jero 
pulse-repetition rats, dlreot-ourrent coupling between vaouuu 
tubs steles has bean virtually eliminated. Wider component 
tolerances and bettor reliability result from tho o-c coupled 
stages. This Idea, referred to as restorer-pulse operation, 

Is a most important advance In confuting circuit design. It 
Is discussed In Section 4.34 and Voluae 19. 

Whirlwind I Is being designed for maximum access to 
electronic circuits. As discussed In Volume 13, M-147, com¬ 
ponents are laid out and assembled on flat panels. The pahele 
are similar to those of the 5-dlglt multiplier, photogriqjh 
FB-266, Section 4.0, Units will bs housed In oablnsts as 
shown in the Illustration. Cabinets will bs arranged as 
shown In the Drawing 3-31016, which Is further discussed 
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Section 3*2 

In Volume 13, B-68. The computer le so arranged that all 
circuite are available for testing while In operation. About 
1,600 square fest of floor space will be occupied by 
Whirlwind I. The same components arranged Into the design 
being proposed for Whirlwind II would be lees accessible but 
would ocoupy much lees space. Both areas are exclusive of 
power supplies and cooling equipment. 

About 3,500 vacuum tubes will be used In Whirlwind I« 
Voluns 16, H-133, tabulates these by function. About 900 
tubes are used in test storage to facilitate the design and 
Installation of Whirlwind I. Test storage would probably 
not be used In future machines. The control desk for 
Whirlwind lie Illustrated In Drawing A-31083. Detailed de¬ 
sign la not yet done. Moat of the switches and Indicators are 
for ohecklng and trouble location, which will be discussed In 
Section 5.0. A tan-key decimal-input keyboard Is Illustrated 
as part of the operator's console, and a close-up Is shown In 
Drawing A-31188. Some applications nay require a keyboard of 
typewriter or teletype atyle through which codad alphabetical 
Information can be handled. Both numbers and orders will be 
Inserted through the same keyboard. An order button Is used 
to indicate that the succeeding decimal digits must be coded 
Into two groups, one for the register location and one for 
the operation order. Identification symbols for orders will 
be changed from the present alphabetic notation to daolmal 
notation, or the alphabetic cods for orders will be selected 
so that It oon be put on the keyboard along with the decimal 
digits. 

3.2 Description of Arithmetic element 


Whirlwind I uses a high-speed parallel-digit pulse-type 
arithmetic element. A complete dlecusslon of this arithmetic 
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Seotlon 3.2 

element onn be found In the Blook Diagram Ugport, B-137, 

Volumes 5 and 6. 

The arithmetic element consists basically of on 
accumulator capable of adding binary number*. Asnoclated 
with this accumulator ore two additional registers used for 
tho temporary storage and manipulation of numbers Involved In 
other arithmetic operations. A counter, control gate tubes, 
and control flip-flops are also part of the arithmetic element. 

Sach stage of tho accumulator consists of two fllp-llops, 
one acting as a binary counter for forming the addition end 
the second acting as a temporary storage position for the 
carry. The accumulator works In a step-by-step fashion. If e 
binary number originally resides In the accumulator and a. 
second number, held In one of the other registers of the 
arithmetic element, Is added Into the accumulator, the sum will 
be formed by the adder flip-flops. The carries, If any, will 
be stored In the carry flip-flops. This action Is paralleled 
In all digit columns and la accomplished by a single control 
pulse from the main control of the con^uter. A second step It 
required to perform the oarry before the final sum appears In 
ths accumulator. A high-speed carry sy .om Is provided 5a the 
accumulator for performing the entire carry In one step. 

The aocumlator Is also used for performing the other 
arithmetic operations. Subtraction is performed by the use ol 
complements, multiplication by successive additions, ana 
division by successive subtractions.. The multiplication oper¬ 
ation consists of the repetition of three suooeeslve steps. 

The first step adds tho multiplicand to the partial product 
according to the selected digit of ths multiplier. The neoonr 
step shifts the partial product in ordsr to align It properly 
with the multiplicand. The third step performs a carry on thf 
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Section 3.3 

partial product. To speed 19 the multiplication operation lb 
Whirlwind I, these last two steps are combined. A snail 
matrix switch In each digit column performs both the shift and 
the carry In one step. Details of this method will he -found 
In Volume 5. Time la saved by omitting the addition operation 
% If the multiplier digit Is zero. A further speed Increase la 

obtained by supplying the arithmetic element with clock pulses 
at a higher repetition rate than to the remainder of the 
computer. The use of high-speed carry In addition, and the 
use of higher repetition frequencies and combined operations 
In multiplication, result in arithmetic element operation 
times which are 00 tap arable to access times of the electro statin 
storage being developed for Whirlwind I. 

The charaoterlsties of the arithmetic element nay be 
summarized as follows! 

1 . parallel-digit type 

3. pulse-type accumulator 

3. high-speed carry 

4. combined shift and carry for multiplication 

5. higher repetition frequency for the 
multiplication operation 

The step-by-etep or pulse-type accumulator has been 
selected rather than the balancing or our rent-adding type of 
accumulator. The pulse type Is considered more reliable, fast >r, 
and more amenable to trouble location because operations occur 
one at a time In response to controllable Impulses. 

3.3 Description of Storage 

Electrostatic tubes have been chosen for the Whirlwind 
computer high-speed internal storage. They will give lamedlat > 
access to stored numbers, ore suitable for a parallel type 
computer, and can ba developed on a time echedula abreaet of 
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the other computer components. 

Tubes are the deflection type using the hlgh-roioolty 
beam of a single cathode ray gun for rending and writing. 

3oth plus and minus sl 0 ials are rend out of the tube, 
corresponding to the digits 0 and 1. Better reliability is 
thus obtained then from a storage system using the presence 
and absence of signals as an Indicator. 

A brief explanation of the tube Is reproduced here from 
Volume 9, M-130. An elementary eleotrode arrangement with¬ 
out holding gun Is Illustrated in Drawing A-308')2. Tor 
simplicity the explanation Is made In terms of Input switching 
on the signal grid. Actually, changing the potential of this 
grid will affeot the deflection sensitivity of the tube and li 
practice the grid In front of the surface Is grounded and 
ewltohlng as wsll as output slgpale are taken through ths 
signal plate. Deflection plates position the elootron beam, 
prior to Its being turned on, to the point on the dialeotrlc 
surface at whloh writing or reading Is to teice place. 

The digits 1 and 0 are written as positively and nega¬ 
tively charged areas on the dleleotrlo surface at the point o: 
beam Impact. The dleleotrlo surface must have a secondary 
emission ratio greater than unity. (A ratio of two or more li 
desired.) To writs ths digit 1, the signal grid Is mads 
positive to collect secondary eleotrons from tho dielectric, 
resulting In a positive surface. This positive charging Is 
accomplished by collecting the exoees secondary electrons 
above the number in ths hlgh-veloclty beam. To write the dig; t 
0 , the signal grid Is made negative, no electrons are collected, 
and the surfaoe charges negatively at the rate permitted by 
ourrent flow In the primary beam. Secondary emission Is not t 
neoessary factor In negativs charging. 
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Handing of signals Is accomplished by positioning the 
signal grid voltage mldvay between the two writing voltage* 
and discharging the dleloctrlo positively or negatively 
toward this voltes. The output signal appears at the signal 
plats by capacitive coupling through the dleleotrlo. 

Hevrltlng will probably be Incorporated os part of the reading 
operation, to re-establish the stored signal at full magnitude. 

Permanence of the stored signal la Insured by tbs re¬ 
generative action of a flood of low-enargy eleotrons operating 
on a principle whloh was used In the B.C.A. Solectron tube, 
some German tubes, and the N.R.h. radar storage tube. 

Drawing A-30885 shove how the self-sustaining effect Is obtained 
from the holding gun. A positive area and a negative area ar» 
shown on the dielectric. The holding gun la at about the earn) 
potential as the negative areas and the signal grid la at about 
the potential of the positive areas. Consider the positive 
area; secondary electrons are emitted and a number Just equal 
to those In the primary beam are collected by the signal grid. 
The other secondary electrons return to the dielectric surface. 
If the surface should tend to become more positive, additional 
secondaries are pulled book to reduce the positive cnarge, 
while If the surface should tend to beoone less positive, mors 
secondaries will be repelled to the eignal grid to return the 
dleloctrlo to lte original point of stability. Consider the 
negative area: the area Is approximately at holding-gun 
potential, and primary elootrone, If they strike at all, will 
have low velocities and will emit few eeoondary electrons. If 
the surface becomes more negative, all primary electrons will 
be reflected and ohmic leak^e will reduce the charge to the 
balance point, while If the surface becomes lees negative, 
electrons from the primary beam will be collected to return toe 
surface to the stable negative potential. 
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Section 3.3 

Figure B-30883 Illustrates a possible physical form of 
the final tube combining the high-velocity and holding electron 
sources. See Volute 9, M-130, for additional discussion. 

The present stores tube status is intermediate between 
the research and the development phases. Operating principles 
have been satisfactorily demonstrated In the research labora¬ 
tory. Results to date lndloate that the storage tube will 
meet the following requirements which were outlined at the 
Harvard Computing Symposium in January 1947. (Volume 9, R-110)s 

1. High transfer speeds of 6 to 8 microseconds 
between transmission of a control order and 
the stores or reading of a signal. 

2. Unique storage of both seros and ones as out¬ 
put signals of opposite polarity to provide 
greater reliability. 

3. The inherent ability to read out a oheoklng 
signal during Btoragc of a number to lndloate 
proper operation. 

4. A high signal-to-nol ee ratio. 

5. & high density of stored signal* to permit 
a 32-by-32 mosaic of stored numbers. 

6. A Blmplo mechanical design which can be 
readily produced In quantity. 

In addition to the high-speed electrostatic storage. 
Whirlwind I will ba equipped with a bank of test storage. 

While expensive of vacuum tubes, this tSBt storage will facili¬ 
tate the installation and testing of the first Whirlwind 
oomputer. After Whirlwind lie oporatlng satisfactorily, this 
test stores will ba used for the storage of chaok problems. 
Future Whirlwind computers will probably not Include the equiva¬ 
lent of teat storage. The test storage made up of vacuum tubos 
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Section 3.4 

and toggle ewltohee In discussed In the Block Diagram Report, 
Volumes 5 and 6. 

3.4 Deeorlptlon of Central Control 

A complete deeorlptlon of the Whirlwind I control will 
he found In the Blook Diagram Report, R-127, in Volumea 3 
and 6 of this report. 

Since Whirlwind I attains Its high operation speeds 
through the uee of parallel channels, lto operating sequence 
has been kept extremely simple, resulting In a relatively 
simple control. A single -address code has bean adopted, and 
the oontrol has been designed to be as flexible as possible. 
The control Is capable of extension and ready modification 
both in changing existing orders and In adding new ones. 

The oontrol consists of the following elements: 

1. Master clock 

The computer can be run non-synchronously but 
for computing efficiency lu run at Its 
highest practicable rate In synchronism with 
a crystal-controlled clook-pulse generator. 

The master dock also generates high frequency 
olook puloos synchronized with the normal 
frequency for uee In the high-speed parts of 
the arithmetic element. 

2. Bight-way time-pulse distributor 

This distributor produces time pulses In time 
sequence on eight different line*. These time 
pulse* ora distributed through connection 
matrices to the elements of the computer. 

3. Operation switch 

This switch le eet by the operation code 





^PROVED FOR PUBLIC RELEASE. CASE 06-1104. 


4 


# 


COHnuXNTIAl 


- 26 - 


Section 3. £ 


■aotloa of the order to select the 
operation to he performed. The outputs of 
this switch ere sent to a crystal matrix 
which controls the distribution of the time 
puleea to the elements of the oomputer. 

4. Program counter 

The computer uses a single-address code and 
takes orders In numerical sequence from the 
storage unless directed to do otherwise. The 
program oounter keeps track of the position In 
storage of the next order to he performed. 

5. Program register 

The program register Is used for the temporary 
storage of orders after their extraction from 
storage and before they are sent to the control 
switches. 

Enough spare equipment Is being provided In the connection 
matrices associated with the time-pulse distributor and 
operation ewltoh to allow the addition of new orders at a later 
time If desired. 

3.S Description of Input and Output Devices 

The Whirlwind I computer will use photographic film as 1-e 
Input and output medium for coded data. Other Inputs are fro:i 
direct conversion of physical quantities to digital values. 

The Eastman Kodak Company Is developing readers and 
recorders for the storage and uae of binary data on 36-mo fll.i. 
This work le being carried on In oloee collaboration with 
M.I.T., although under a separate contract with the Special 
Devices Center. The Eastman Kodak Conpany le also developing 
automatic film developers for processing the 35-mm film. A 








APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 




C0HFID3NTIAL 


- 26 - 


Section 3.5 


report of this work will be found In the jJaetmsn Kodak 
Progress Keport No. 1 In Volume 11 of thle report. 

Eastman la developing a elngle deeign for multiple 
purpose application. It will he urod for manual tran¬ 
scription, film copying and odltlng, computer Input, 
computer output, transcription to typewriter, and exteriul 
data recording ae for guided mleello teat ranges. 

The Information la stored on the film In the form of 
opaque and transparent spots. There are SO o harm el a acrcoe 
the width of the film with about 100 lines per Inch of film 
length. Both nnmbcro and their complemonte ore stored as a 
checking procedure. A Cathode ray tube 13 used for scanring 
the film In both reading and recording. In reading, the 
beam Is swept across the lines In sequence, a photocell behinc 
the film picking up the information. In recording, the bean 
Is swept behind s mask with deflection voltages applied to 
deflect the beam to either the number or the complement line 
depending upon whether the number stored Is a cue or a zero. 
Digits are supplied to the recorder and received from the 
reader at approximately a 500 kilocycle rate during the 
writing sweep. Tho equipment can be arranged to store either 
50-dlgit Information requiring tvo lines for botn number and 
complement or 25-dlglt Information requiring but one line for 
both number and complement. The actual operation of writing 
or reading requires about 100 microseconds In tho flret cose 
and 50 microseconds In the second. The film drive Is clutoh 
controlled. The film may be read or exposed at ae slow s. 
linear speed as desired, but the system la being designed for 
a maximum speed of about 1,000 numbare per eecond. Designed 
film capacity la 400 feat, although space la being provided 
for l.OOC-foot magazines. A 400-foot roll of 35-mm film will 
store 12,000,000 binary digits of Information. 
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section 3.4 

TUo M.I.T. Servonochanlana laboratory In developing the 
keyboards and decimal- to- bln ary con”ortero to 1 o uooc for 
film pvonaritloa, --.ad also tho reglutsri end control eo.ulp- 
moot noodad to connect the Eantmrn reador-recorders to tb® 
Whirlwind computer. It will not be necessary 5or tho machln* 
operator* to uie other than di'cliial notation. Converslonii 
will bo nerforwd automatically at the keybonrda in Ihe cnee 
ol‘ data to he snterei Into the mrchine and either la the 
computer Itself or at the our.iut printer for nvmerlonl In¬ 
formation extracts from the iachin‘<. 

In simulation application* It is neceeojry that ei.nlogua 
Information such aa abaft positions or oleotrlcal matpltadon 
bo convertel *.'■ numerical quantities for uee by the machine. 
Numerical outputs of the computer muat be converted beck to 
analogue quantities. These devices are being developed. 5oi»{ 
are described la Volumes 11 iid 12 and la Section 4.4, 

Volume 1. 

3-6 Aircraft Oookplt t: vulniloa 

The cockpit la that pert of thu aircraft ilnulaior which 
( 1 ) converts the pilot's raactlors to electricrl signals 
which are transalt'.ed to the counter, (3) receiver Information 
£ rom the cooyouter and conveys It to tas pilot ra simulated 
aircraft behavior, and ( 3 ) produces aa environment which will 
convey to the pilot the Illusion that oe 1 * alr-ljorn'.. 

The simulator will Include a coccclt which is equipped 
with all controls, lastrumenta, end other do-ices which would 
uoiwolly be fouad la the aircraft. Cjafigurntlon of those 
dorlces and g«nsral Uterlor uppearonev will be faithfully 
reproduced, alnoa psychological as wall as mechanical atlsull 
are necessary Is obtaining normal reactions ond valid 
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evaluation from the pilot. See Volume 14, b~94, by 
Dr Holder formerly of the Masanchnottfce Geror.il Hospital. 

While the cockpit being designod nt prceeaS le not 
iniendud to be the final one lor ueo In tho Whirlwind II 
oy'taiQ, it le neosasary to achieve simulation adequate for 
testing the Whirlwind I eyntem and itudying the effectlvenose 
of simulation t .lehulovui*. All pilot controls will be active 
Th» poiltlonn and rate* of travel of tho rudder, elevators, 
end ailerons will be laes-somd and transmitted to the computer. 
Values of the forces ou the controls will bo xsoolved from 
the computer and will actuate hydrc.vi.lc sorvoxeohnjilnmit whloli 
rp >ly tho proper furco* to simulate tho "feel 11 of the air¬ 
craft. Similar signal* will be trwiumlttod Vo aircraft 
lnstruuonfcs to Indicate tho oiroraf'; a behavior. 

The ooalqoit of the Whirlwind I ulmulatcr will be mounted 
on springs no that It ms,y bo vlbretod to Increase the Illusion 
of flight. Holes will also be geno-oted In the cockpit. Both 
noise and vibration will bo control .od by flight ooneHiont 
to add reullty. 

The equipment, earns nnd powjr unite developed in this 
work can bo replied to man;’ other ulnulatlon problonu. 
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itM&rch and Developsent 

This section treats tbs general procedure and steps In developing 
ihlrlvind components. Tie work and status of spsolfle syston elesm. >8 
allow in tbs next Motions. rfci material of thin section Is lncl'adod 
:o stress tbs large nuouit of engineering and laboratory rossaroh 
necessary to oonvsrt block dlagr-iBB or design studies Into e functioning 
ystea. An olencnt finally arriving in tbs Whlrl'ilnd system will 
liars passed through the following ten ntepi. 

1. Systona planning a:»d block diagram atudlss 

2. Clroult re isnroh 

3. Circuit do relopcjn; 

4. Circuit design 

6. Fatal noooiobly 

6. Prototype design 

7. Syetoaa test 

6. Pinal design 

fi. Pinal node! tasting 
10. Final assembly aid use 

tts following saris* of photographs lllustrats stspo 2 through 
", using the arithmetic unit as on ssanpla . 

Step 1, the system planning and block diagram rssearch. Is 
'.Lluelrated by Toluzae 6. 6, aid 7. 

Step 2, on clroult resoarth, Is lllustrutsd In PB-263. Basic 
risonrch Is dons on breadboard circuits Involving i feu vnouun tuber 
md ansoalated component*. The circuit Is evaluated for potential 
usefulness and a study In tads of component tolerancer and circuit 
luhavlor under laboratory test conditions. 

Step 3 Is shown in FB-346. Hers Is an early version of the 
i.rlt.inetlc element showing the high-speed nhlft-and-carry satrlx , 
laid out In a physical fora similar to that used for matrix switches- 
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lnttroonneotlon proUm are studied. The loading of vaouum tub** 
due to cuocoedlng non-llnaar grid Input Impedances le Investigated. 
Test.* are made on varying pule a repetition rate a and Information le 
obtained on the operating tolernnoee of olreults. 

Step 4 la a first engineering design Illustrated in 7B-264. 

Sert la the oomponent eub-aesembly for a hlgh-npead flip-flop com¬ 
plete with Input trigger circuit, output buffer Amplifiers, and near 
Indicator llgbte with associated driving trlodea. This unit Is the 
result of many drafting rooa end saglnserlng layoits to arrange 
circuit oomponents for easy accessibility and short lead wires. 

Prliary attention oust he given to reduolng capacitance* and the 
lengths of video circuit wires. Oomponentc ere in*tailed on terminal 
boaide for easy production and to that they may be Individually re¬ 
moved for repair. 

Step 8 le the neeeably of several of the previous olreult sing:a 
Into the panel aoeenbly unit of FIt-262. Here It Illustrated the fl-at 
approximation to a final design. Although e system night be as¬ 
sent led with elements at this stage of development, reliability and 
eaec of manufacture and nalntenanoe usually Indicate that additional 
redesign* should he aade. This panel assembly of the arithmetic 
slesent wae tested for high-speed operation Including the operation 
of Input gates and output buffer amplifiers. The high-speed 
ehllt-and-oarry matrix of FB-24B has now taken the form of the 
loutle square in tho upper central portion. Further itudlee are 
conducted on olreult oomponent tolerances and the probleae whloh 
aavt arleon due to the rearrange sent of component* In tha preoedlng 
laelgn stop. 

Step 6 oorraote the trouhleeome features of the pansl assembly 
This prototype design shown In F3-267 was built In multiple for 

small-scale systems tests. 
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Step 7, the small-scale eyotema testing, la shown ae the com¬ 
plete 5-stage arithmetic unit of T8-265. Five stages of the arith¬ 
metic unit and a manual control for multiplication are Illustrated. 
Here prohleoa In cabling with aaaoclated attenuation and pulse re¬ 
flect lone can be studied. hue driver a for coaxial line can be 
eye'as* tested for the firet time, and the use of coaxial line with 
multiple driving and receiving points can be studied. Upper limits 
of operation set by tube capacitances and circuit wiring can be de¬ 
termined. The computing elements are driven by aotnal signal source a, 
not by the laboratory test equipment previously used- The circuits 
are tested over variable and Intermittent puls* repetition fre- 
quecolee from push-button oontrol to several megacycle#. Trouble 
looatlon methods for the final co^uter can be formulated. 

Small-scale systems operation Is valuable In the training of per¬ 
sonnel. Both the Servomschenlemt Laboratory staff and Sylvacla 
jnglneere ha vs workod on the 6-stage multiplier to learn systems 
problems and testing techniques- The value of the preoedlng design 
steps Is demonstratsd by the short time to put such a new syetoa Into 
jperatlon. (See following eeotlon.) 


Step 8, the final design, will incorporate ohangee found neces¬ 
sary In the small-ecale systems teste. Tor example, the components 
of the arithmetic element will be rearranged so that the A-rsglater, 
'die B-regleter, and the accumulator oan be constructed separately. 
'Me will make video oabllng more orderly and will neks lnetallatlos 
and maintenance of the shipment easier Circuits will be altered to 
use the new higher powered Sylvanla gate tube In place of 6AS6 s. 


Systems teete have demonstrated that reotlfler type power 
■nppllee are unsatisfactory for computing machine use. Transient 
power line disturbance# can feed through these supplies end trigger 
computing circuit elements. Whirlwind I will bo fed from motor-generator 


rets • 
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Models of the final doetgn at step 9 oan be taatad in the 
small-ncale systems setup of step 7. 

4.1 Arithmetic Element Development 

Two factors were necessary before tha firat olrouit 
eohemmtlo of tha arlthnetlo alanant was dr owe i one, tha block 
diagram; two, the reeulta of rate arch and developaent of tha 
basic oomponente of tha arlthaatio element nuoh as flip-flopa 
and gate tuba*. The olrouit schemi-tlo waa given oarafnl oon- 
eldaratlon and during that time tha a-o ooupllng aohene vna 
Introduced. Tha firat laboratory work on tha arlthnetlo ele¬ 
ment was dona with a breadboard layout of a ilngla digit of 
tha aoououlator. Thla lnoludad tha four-poaltlon switch, and 
tha laboratory work waa oonduoted primarily to taot tha 
ahlft-and-carry operation and the a-o ooupllng. 

Yellowing tha breadboard accumulator, a preliminary 
elngle-dlglt ooluon of tho arlthnetlo element waa built. 

Thla design gave more consideration to tho physical arrange¬ 
ment and quality of oomponente than had bean given in tho past. 
Ota laboratory work done on thla unit provided a baola for 
writing tha test specification* for a 6-dlgit prototype arlth¬ 
aatio ole mart which has bean oonstrvotad by Sylvenla. 

This prototype has only 6 digit columns plua a simple con¬ 
trol panel for performing multiplication. The 6-digit multiplier 
provides aa opportunity to oheek the performance of a largo 
assembly of smaller oo^onanta. The smaller elements, m.oh aa 
fllp-flopa, gate olroulta, ate., have bean thoroughly tented at 
unite to operate in a larger eyatam, hit ainy unforeseen diffi¬ 
culties and problems best solved by assembling a large number 
of alomenta oan be studied by working with such a prototype. 
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The 5-digit multiplier la bslng used to study the pul so shap* 
and pules delay when a pulse passes through a oumbor of tubes 
la serlea or when a single tube oust drive the grids of a 
number of tubes connected In parallel. Because of the non¬ 
linear nature of the circuits and the variable pules-ropetition 
frequency, a careful Investigation of all coupling circuits la 
necessary. Another problen which can be studied with the 

5- dlglt multiplier Is trouble location. Trouble-location tech¬ 
niques and suitable test equipment whloh will be valuable for 
Whirlwind 1 are being developed as work progresses on the 

6- dlglt aultlpller. The multiplier Is also useful for educating 
new personnel, stimulating thinking In terns of system problems, 
and as a demonstrator. When circuit studies are coaplcte, the 
multiplier will be operated as a life test unit. 

The 5-dlglt aultlpller Is shown In photograph >£-304 com¬ 
plete with step counter and restorer-olook pulse distributor 
on the first raok; and annual control, restorer jxd.ee generator, 
and aaster clock on the second rack. The digit ooluann In¬ 
clude all the circuits required In the Whirlwind 1 arithmetic 
eleaent, but a elaple control for perforalng only nultlpll- 
oatlon Is provided. Since multiplication la the most compli¬ 
cated operation required In the arithmetic eleaent, and sines 
all the arithaetlc-eleaent circuits are Included In each 
eoluan, all the problems anticipated In the Whirlwind 1 nr 1 th 
aetlo eleaent any be studied In the 5-dlglt aoltlpller. The 
eontrol Includes two 5-dlglt toggle-switch registers Into whloh 
can be set the numbers to be read Into the A and B registers. 
These toggle ewltchee are directly coupled to the read-In gates 
of these registers. After thw A and B registers have teen 
oleared by a claar push button, a read-ln push button causes 
the read-ln gatee of the two registers to be puleed, and the 
number* are transferred to the registers. Multiplication one 
then be carried out either step-by-step or automatically. 
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iftor tha aultlplication has bean collated, a 3-otage step 
counter automatically oloee e the gate tuba which eande pulse* 
to tha B-reglater. This counter la raoet each time tho clear 
pueh button la depressed. Tha a tap-counter end-carry pula* la 
alao delayed and need to Initiate the hlgh-npeed carry, 

A number of problems hare been uncovered by the work 
with tho nultlpller to date. Satlefaotory ntep-by-etep mol ti¬ 
pi 1 oat Ion haa bees achieved ae well as automatic multiplication 
at pulee-i-epetltlon frequenolea up to 2 megaoyclee. 

The time schedule for assembly and teat of the 5-stage 
nultlpller le Interesting and proves the value of careful 
engineering design. 

first multiplier chassis 

arrived from Sylvanla-September 26. 194? 

final assemblies 

del Ire re 1---October 14. 1147 

Push button operation 

functioning-—-October 20, 194? 

Operation at 100 ko 

repetition rate-October 28, 194? 

Operation at 1 magnoyole-Bovember 13, 194? 

Operation at 2 mogncyolee-Bovember 14, 1947 

further teets will be made to determine the upper 

Holt of operating frequency 

4.2 Storage Tube Development 

Work on eleotroetatlo etorage tube* la summarised in 
Volume 9, M-159.and K-130. Tha latter dleoustee the amount 
of time devoted to basic research and to development of vaouuc. 
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tub* t*«t • julpma.it and construction and laboratory techniques 
(Se* Volume 9. H- 16 , M-56, H-130. and Volume 10, H-131, H-126, 
and 3-132) i Because of ctreae oa basic research and on the 
fundamental behavtor of the tube components, only a few tube* 
have been oonstrcoted and teated. Most of those In whloh all 
components of tht storage tube hare boon Included are of recent 
origin. The laboratory facilities at H.I.T. permit completion 
of a new tube wltblr a few days after design Is committed. 

Most tube tests are ;iade with video test equipment under pulsed 
conditions oonqiaretli to the final tube application- Dependence 
Is not plaoed on eteily-state testing methods. For convenience, 
in oonatruotien, etoie^ tubes have thee far been made with 
email storage surfacie 3/4 Inch In diameter. There la co 
reaeon to believe tbit other than norar.1 mechanloal dlffloultloo 
will be encountered :n lnoreaeing the tube size Tit* available 
equipment dlecveaed n Volumes 2, 9, 10. and 19 will enable the 
Servomechanisms Iabciatory to construe’ the required tubes for 
Whirlwind X. Servomiohialeise laboratory staff meobore are 
aooeptlng responsibility for converting the laboratory rosulti 
to construction praot'.oe \nd for operating the tubes In a wording 
computer. h conservative vrogram la therefore planted In whloh 
baelo re tv arch Information .forme a firm foundation for develop¬ 
ment and ccnetruotlon. 


Best Its of sobs earlier teeta are reported In Volume 9, 

K--130- mproved re suit a hav* elmce been obtained on other 
tubes. Cood output elgnels of 0.1 volt without output pi-e- 
aapllfls.' hav* been obtalnel. Sl^al-to-noise ratio Is excellent. 
The 0.1 volt output has been .btalnei In a reading time of 3 micro¬ 
second*. Writing tlas is lo»|er than desired In a final tube 
Vrltlig time at present 1* In the ruagi of 20 to 60 mlorc seoordi 
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but no attempt hat yet teen made to shorten the writing time. 

The writing time It predlc table on the baa In of physical and 
geometrical properties and oan be Improved by obtaining; 
higher beam ourrent, using a thicker dielectric layer on the 
storage aueembly, and selecting a secondary emitting surfaoe 
with a lower first oross-over voltage than has thus far been 
used. Many of the test results to date have beon obtained on 
wlllemlte phosphor surfaoes. Willemlte was most readily 
available but Is notoriously poor for the purpose. The 3/4 Inch 
diameter storage surface has been used for storing 12 digits- 
This density Is within a factor of two of final objectives? 
Independence of adjacent stored areas has been demonstrated 
over long periods of time, but in some tubes haa not been aa 
reliable as finally desired. Some tubss have been built with 
excellent Independence of idjaoont stored areas, and others 
with writing times of 20 to 40 nlorosoconds. So tubs has yet 
been constructed to comblns these featuree° 

Apparent solutions to the existing storage tube problems 
are known. Considerable effort must yet be expended before a 
satisfactory tube Is expected; however, tho storage tube de¬ 
velopment program appears to be mooting tho time schedule of 
the remaining Whirlwind I cougjonents. Since the Whirlwind I 
system la independent of the exact storage tube characteristics 
any tubes which exhibit satisfactory reliability can be used 
Final tube* meeting all of the goals oat forth In Section 3 .3 
are not neoessary to begin work with Whirlwind X. Future 
storage tube development will lnolude selection or design of 
a bettor hlgh-veloolty gin to give greater beam ourrent, the 
Investigation of other escendary emitting surfaces, life tests 
on seoondary emitting surfnoee, continual investigation of 
mosaic versus continuous dielectric storage surfaces, the 
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development of a larger else tub#, and Improved mectaanlaal 
design. Colnoldentally an effort will bo mods to reduce tho 
physical rise of the tube Iron the presently planned 5 tnob 
dlaneter to a 3-lnuh dtamoter,. 

Deflection olrouits for tho atoraje tubes ore oonoldered 
satisfactorily demonstrated on a research basis Only onglocerlng 
design remains to be done npd no work Is at present being do 
voted to this phase of the program A demonstration system 
will be set up to show high-speed rapid oelootlon by the de¬ 
flection clroulte, and will be used la conjunction with Im¬ 
proved storage tubas now being planned. A resume of tho 
dafleotloa olrcult studies la givei. in Volume 10, 1-32, 1-31, 
and H- 120 . 

4 .3 Electronic-Circuit Development 
4.31 i'llp-flops 

The two beelo elements of the block diagrams are 
the flip-flop end ths gets circuit, /lip-flops are need 
as binary counters, storage elongate, and gate generator'' 

1 "or the Whirlwind computers, fllp-flopi must hava a 
switching tine of npprosloatel/ 0.1 microsecond. Develop¬ 
ment of a reliable, high-speed flip-flop has been a task 
of prime important in the electronics group and will 
oontlnue. The present flip-flop employe two 6A07 pen¬ 
todes and a common cathode-bias resistor. It may bs 
set to a desired elate by applying a pulse to the proper 
control grid, or It nay be triggered by applying a pulse 
to the cathodes, .leoect work han Included a study of 
the factors that Influence reliability, and minor change 
In flip-flop design are being Investigated by means of • 
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flip-flop life-tort rack containing ten flip-flop*. 

Ten flip-flop* ware »witching 2 s 10 6 times per necond. 

Tbe first run of 500 hours hi id a oounter on one flip-flop 
to count error*. For the remaining 9 flip-flop*, an odd 
but not an even number of error* could be deteoted, Op 
to 237 hour* there were no error*. Between 237 and 263 
hours there were at least 5 error*, probably due to 
power supply failure. Between 263 and 429 hour* there 
were no failure*. Between 429 and 493 hour* there wa* 
one error From 493 to 600 Cher* were none. 

At 600 hour*, counter* for the deteotlon of error* 
were put on all flip-flop*, and the mothod of triggering 
wae changed. A further run of 302 hour* produoed no 
errors. Thl* corresponds to 2 x 10 12 operation* without 
failure from any oauee (Sec Volume IS, £-64 and H-138). 
A master*■ tbeels le now In progress to Investigate a 
different type of flip-flop which may eliminate the 
need for precision components. Flip-flops are dis¬ 
cussed In Volume 16. 

4.32 Oat* Clroult* 

The other basic element of the block diagram, the 
gate circuit, hae also experienced considerable develop¬ 
ment, An evaluation of gntlng methods wae made early 
In the program (*ee Volume 19, E-109). A tube having 
two eharp-cutoff grid* 1* moot desirable for the Whirl¬ 
wind computer*; the Western Llootrlo 6AS6 pentode le 
such a tube. However, since the 6ASb Is a low-cv.rrent 
miniature tube, It has proved Inadequate for working 
Into the low-lmpedano* loads necessitated by very ehort 
pulses. Sylvanla ha* developed a new gate tube for 
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the Whirlwind computer*. Sylvan 1.a type SB-1030. Thle 
hae a lock-in base and provides 40 mllllanperes of 
plate current with the control grid and the suppressor 
grid at cathoce potential! The tub* eliminates the 
necessity of driving grids positive and make* a more 
reliable design possible. It will be available in pro¬ 
duction quantities about January 1, 1948, and will have 
an BNA type number. Circuits for the new tube are 
being investigated at present at Jt.I.T. with pre-production 
samples, A more detailed treatment of gate tuber may 
be found in Volume 16. 

4.33 Hlgh-epeed Switches 

Hlgh-sposd multi-position switches ars called for 
by the blook diagram#, for the tlme-pulee dletrlbutor 
and for the operation twitch in the control, for 
eeleotlon of a desired register in storage, and for the 
ehlft-and-oarry opsratlon in the arithmetic element Ar 
evaluation of switching methods wee made very early by 
the project and a Baiter's thesis vat written on the 
moet promising switch, the crystal-matrix switch. The 
problem vae to devulop a twitch which would have a 
switching tit* of n fraotlon of a microsecond The 
thesis \ses Volume 17) describee an 8-posltlon switoh 
having a switching time of approximately 0 6 microsecond 
A preliminary design of a 32-posltlon switch hae been 
completed. The switch hae been constructed end tested 
An t^rovement on the original design ha* been found 
whioh reduoes the switching time of the 32-pooltlon 
switch to 0.2 microsecond (see Volume 17, 3-123), 


» 
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4.34 A-C Coupling 

In order to avoid the cascading of power suppllea, 
the empllflsetlon of povor-aupply-voltago drift, fila¬ 
ment transformer Isolation, and other difficulties 
accompanying direct coupling a scheme of a-c coupling 
has been devised which preeirvos the functional ad¬ 
vert age s of direct coupling ”hls scheme requires that 
each flip-flop In the computer be triggered twice by 
two pulses one mlorosecond apart (ac that the flip-flop 
returns to Its original stats) during a tlmo In the 
cycle i4ien the flip-flop Is no'; otherwise active Thlo 
In dons frequently enough so that tho coupling capaci¬ 
tors do not have tine to dleohnrge; the ueslred d-o 
level la obtained by uee of clamping diodes A-0 
coupling Is an Important factor In the Whirlwind com¬ 
puters which mahes operation more reliable by permitting 
wider tolenr.eea on power-supply voltogeu and pules ampli¬ 
tudes, It le discussed In greater detail In Toluiaa 15 

4.36 Crystal Baotlflars 

Crystal rsotlflars are used In Whirlwind I for 
clasping (d-c restoration), for Isolation in ooupllng 
trigger sources to flip-flops, for mixing signals In a 
corcon load In high-speed multi-position evltobce, and 
In pulse generating circuit*. In addition. Sylvan la Is 
developing jpeolal nl#c-conductivity crystals fer ooupllng 
to the digit transfer hue and for use In the dellaotlon 
circuits. Crystal rectifiers possoss many advantages 
over vaouaa tube ilodsa, but they possess the disadvantage 
of having a bach conductance witch frequently cannot be 
neglected and which Increases vlth temperature- Measure- 
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aunt ii have bsen me.de to determine the ohnraoterlttlos 
of orystale, particularly at overload and at hlgfc 
ambient tempo rat uro a. Clone oontaot la b« Ing main¬ 
tained with -.ha crystal group at Sylvanla, whero life 
testa, Including llfo taste ruder pul red conditions at 
high ambient temperature a, aje being conducted Crystal 
rectifiers are discussed in Volume 16. 


4.36 Pulse Transformers 

Pulse transformers are Important components of the 
Whirlwind oouputere. Thslr use as lmpedanos transformers 
and for pulsa Inversion greatly roduoea the nuabor of 
tuoes required and el^llfler circuit design, Conmerclal 
pulse transformers suitable for the pulse shape and 
power levels used have not been obtainable. A study of 
pulse transformers was undertaken and a report prepared 
whloh thoroutf»ly dlscustsa transformer analysis and de 
sign (see Volume 10, B-122)» Transformers for Whirlwind 1 
have been designed and a study of applications hat been 
made At present, two transformer types are adequate 
for all applications One type is a one-to-one Inverter 
transformer -nd the other la a three-to-one Impedance 
transformer Intended primarily for coupling vacuum tuber 
to low-lmpedf.no e cables. An Investigation of voltage 
atep-up traneformere 1» now being carried Jut (set 
Volume 19, S-60). Pulse transformere are dleeueeid In 
Volume 18. 

4.37 Hlnoollaneoui Tuber 

Of a total of 3,600 tubes fir Whirlwind I, 1 1150 
are used In gate circuits. 700 are used In fllp-r.ops, 
and 870 are used as, buffer amplifiers ( see Volume 16, K-132), 
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The tub* used In flip-flop clrculto and for moat buff or 
asjpllflers la the 6 aG 7 pentode Pulse characteristics 
of the tuba have been obtained and tube life la being 
lnveetlgeted. A group of 100 6AG7 1 a are undergoing 
life teat at the preeent time. The tubea are being 
oaerdrlven by a 60-cycle voltage on the control grldi 
the filament voltage la left on 24 houra a day After 
2,200 houra, no tube failures have been obaarved 
ylail oonoluslone should not be drawn froa thle otate- 
aent, hoveyir, because tbs life teat rack was ops rating 
laproparly during the flrat 1,650 houra of operation 
(see Volume 16, M-11S). Ales, a group of 10 fllp-flope 
uelng 6A07'a la being life testoa. After 500 hours of 
operation, no tube failures hero been observed (see 
Volume 16, £-64). An Investigation of the so-called 
"blaok-out* effect has been conducted to find out If 
this will otues trouble In the Whirl vial computers. 
Blaok-out was obaarved la the 6AS6 gate tube, but only 
when the pulse driving the control grid positive was 
10 aloroseoends or greater In length. lo trouble duo to 
blaok-out effeot la azpeoted In the Whirlwind coiqmtere 


and the effeot ha* bean observed only la the 6AS6 gate 
tube. Miscellaneous vaouua tubes are discussed in 
Voluma 16. 


4,38 Miscellaneous Circuits 

A numbsi of computer circuits In addition to those 
already mentions! have been investigated. These Include 
buffer amplifiers to drive the digit transfer bun, and 
buffer amplifier* to simultaneously drive a number of 
tubes In different racks. The project has also designed 
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and constructed a 3-stage step oountar, a pre¬ 
liminary tlae-pulsa distributor, and ha a designed 
the register panel and the flip-flop storage for 
Whirlwind 1. final designs of the last two lteme, 
register panel and flip-flop storage, are bsing 
prepared by Sylvanla. These miscellaneous olrouits 
are discussed In Volume 19. 

4.39 Test Equipment 

BaBlo test equipment for research In oomputor 
olrcuits must Include a synohroecope and a pulse 
generator. Because of the high pules-repetition 
frequency and short pulee length used In the Whirl¬ 
wind computers, a synchroscope with very fast sweep 
Is necessary. The Model 5 synchroscope has proved 
adequate for most work. The T3-239/UP Is superior 
for certain purposes. The most widely used test 
equipment designed by Projeot Whirlwind has lnoluded 
a gas-tube pulee generator for generation of short 
pulses at low pulse-repetition frequencies and a 
high-frequency olook-pulse generator (1 to 6 mega¬ 
cycles). The high-frequency oloolc-pulse generator 
Is very similar to the master cloolt that will he 
used In Whirlwind 1 (tee Volume 19, £-48). In 
order to use the a-e coupling scheme, a source of 
pairs of pnlsss spaced approximately 10 microseconds 
apart is necessary. This rostorer-pulso generator 
has been used with many test arrangements, Including 
the &-dlglt multiplier (sse Volume 19, £-62). A 
similar gsnerator will ba used In Whirlwind I. A 
general-purposed gate-and-dalayed-trigger generator 
has bean dssignsd and many ire In use. A tube 
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tester hne boen doslgned and built In tills laboratory 
for obtaining atatio and pulse characteristics of 
vacuum tuba*. A crystal testrr has also boon designed 
and construotsd for tasting forward and back raslotanco 
of geraanlua-crystal rsotlflers (see Volume 15, K-37). 
Test equipment Is described In Volume 19. 


4 4 Input and Cutput Equipment Development 

Tbe photographic flla reeder-rsoorders to be used for 
numerical Inputs anl outputs with the Whirlwind 1 computer are 
being developed at the Kastman Kodak: Company. The stage of 
this develcpment Is reported In their Progress Beport No. 1 In 
Volume 11. The equipment Is essentially In breadboard stage 
with experimental setups of cathode ray tubes, optical systems, 
electronic equipment, and flla drives. At the moment those 
breadboards are In the fora of sepal ate components, although 
It Is hoped that by the first of 1948 a collate working 
breadboard system will be available. Development time Is 
being reduced by th« design of a single unit which can be nade 
into a reader or reoorder by suitable changes In its optical 
system. Tbe housings, flla drives, mschanloal systems, and 
■uoh of the eleotrouioe will be Identical for both units. 

The automatic flla-prooesslng equipment will be an adaptation 
from already exlstlug designs with somewhat different speci¬ 
fications. A revision of plans slnco thn Kastman Kodak report 
peralte use of a recording mask with only two rows of openings 

One experimental model of a declaal-to-blnary converter 
has been built at K.I.T. and Is desorlbsd In a thesis by 
D. J. Crawford In Vclums 12. This unit baa operated satis¬ 
factorily but must be redesigned before lnoluelon In final 
keyboard equipment. 
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One of the project engineers has been studying magnetic 
recording for uee as an eraeahle Intermediate-tpeed memor, 
device. Hie preliminary findings are reported In H-124 In 
Volune 11. This work Is still In a preliminary stage but 
further experiments are being oarrled on as discussed In 
M-106, Volume 11. 

Volumes 11 and 12 also report the project work on devices 
for oonverslon between numerlonl and analogue quantities. The 
first of these devloes was built In 1946 and uoed a 2-way 
counter to count pulses generated as a graduated dlso moved 
In front of a pair of photocells. This devloe operated satis¬ 
factorily but has since been discarded as being too complicated 
and expensive. If many quantities are to be eonvorted, a com¬ 
plete oounter converter Is needed at each shaft. Work ms 
again begun on this problem In June of 1947 with emphasis on 
the design of conversion methods requiring but a single com¬ 
plicated converter for many quintltles, the additional equip¬ 
ment required at eaoh oonverslon point being very small. 

Some experimental work has been done on a frequency-modulation 
system In whloh the motion of a oondenser oonneotod to a shaft 
varies the frequency of an osolllator, the resulting frequency 
being measured by binary oounters. This method Is basloally 
milted only to oonverslon from mechanloal position to numerical 
oode. However, all these methods are reversible either through 
the use of feedback systems within the converter or through 
the use of external servomechanisms Another method now 
being studied Is the use of pulse-tlmo coding. Boot-strap 
sweep olrcults are used for converting from eleotrloal magni¬ 
tude to a time difference betwten a pair of pulses. This 
time difference Is then converted to a numerical quantity by 
means of a binary counter and a fixed-frequency supply of 
clock-pulses. This system Is also reversible. 
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It In not expected that an; one of these o diversion 
devioea will suffice for all problems beoauae of the groat 
difference In epee If loe.t lone for the accuracy, precisian, and 
oensltlvity of the various quantities being converted. If 
the osneltlvlty requiremente arc email, then direct binary- 
weighted conversion systems tuoh ae are discussed In the 
derleotloc circuit studies In Volume 13 oould be used In 
toms oasei where the sensitivity must be one part In ten 
thousand or better multi-speed systems should be used. A 
part of tils problem le the design of servomechanisms which 
will opsreto satisfactorily on Intermittent data received from 
digital computers* in e>oo cast e the computer lteelf can he 
left in the servo-loop, thus allowing the use of the great com¬ 
putational oapaclty and flexibility of the computer In servo 
compensation. In other qaoes It may be desirable to cloee the 
servo-loop outside of the computer, the eervo receiving only 
positional data. One of the etaff members of the Electrical 
Engineering Department at M.l.T. is at present studying those 
problsms in prsparatlon for a doctorate thesis- 




4.6 Aircraft Ccohplt Development 

While the cockpit now being designed le Intended lor 
Whirlwind l and Is not tits mors ext si si vs system planned for 
Whirlwind II, It la considered important that tho cockpit be 
adequate to permit study of the aircraft analyser ae a whole 
ae well ae study of simulation techniques. 

The surly work; on tfie simulation program was devoted to 
study of the effects neerssary for adequate flight simulation 
and suitable devlose for obtalnliv; realistic pilot reaction 
Tie effeots considered neoessaiy arsi <l) control-forts 
loading. (2) preeertatlon cf aircraft boharlor by msono of a 
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simulated Instrument panel, (3) noiee and vibration, and 
(4) reproduction of the interior appointments and appearance 
of an actual cockpit-. In addition to these factors, motion 
of the cockpit was oonnliered. (See Volume 14, H-125-'' 

Motion of the oockplt to simulate accelerations felt by 
the pilot during maneuvers presents a difficult problem. The 
simulation oan at best b» only approximate. It is not feasible 
to mount the oookptt in such a manner that it may have the 
same degrees of freedom as ths aircraft, sinus sustained 
accelerations would required prohibitively large displacements 
A compromise considered mi to suspend the ooakplt as a pendulum 
free to swing about two axes (pitch and roll) and thus to con¬ 
trol ths direction of the gravity vector so that horlsontal 
components of acceleration on the pilot could he produoed by 
tilting. (See Volume 14, H-100, M-74 ) Thin system would 
require ths development if large hydraullo servomechanisms 
suitable for moving the oass of the entlrs oookplt structure 
Since this program pretexted serloue dlffloultles, and slaoo 
the value of suoh a system could not be definitely established, 
this phase of the <<ork his been discontinued ae a part of the 
immediate Whirlwind program. However, the oookplt will be 
supported by eprlngs so that it may be vibrated. 

The control-foroe loading servos are force-produolng 
tsrvos which oompare the actual forces Indicated by strain 
gages with the required forces dlotated by the computer. The 
difference, or error, Is amplified electronically to aotuate a 
small torque motor The output movement of the torque motor lo 
amplified by a hydraullo booster to operate a differential 
pressure regulator valve This regulator control* the hydnullo 
pressure on a piston connected to the controls. Ths demand of 
high speed of response and high preolslon have necessitated n 
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good deal of study and erperlmsnt to develop editable com¬ 
ponents, particularly the hydraulic amplifier and the pressure 
regulator. 

A teat rodal of the eystea do scribed above hae been built 
and tested* While the system worked well, it still requires 
further development to be ooa^pletnly satisfactory, i. faster 
hydraulic a^llfler is being dsve^oped, and work la under way 
to design a core satisfactory reflating valve. 

The control-force loading equipment oust also lnaart 
oallbrated anounte of slastance, backlash, and coulomb friction 
to simulate these i^>erfectlons in actual aircraft controls. 
This problem has been approached in two ways. Meohanloal de¬ 
vices have been designed to insert these quantities in the 
control linkages, and a study Is being made to determine the 
merits of calculating these effects In the oomputer and simu¬ 
lating them by means of the hydraullo servos. 

Data on alroraft instrument characteristics have been 
gathered, and tentative layouts of the instruments started* 

The slos*r, leee precise Instruments (suoh as fuel gagas) 
will probably be voltmeters energised from the computer* 

The more precise Instruments will be small servomechanisms 
receiving input data from the computer. Space limitation and 
oxnotlng precision requirements necessitate careful design to 
achieve accurate simulation of performance and appearance. 

In connection with the etudlts of lnstraaent servos and 
control-forca loading eervos, the nature of the input signal 
mist receive careful attention The signal received from the 
co^wter will be discontinuous elnoe information will be read, 
out of tbs oomputer periodically rather than continuously; 
hence changes in signal magnitude will be In dleorete steps. 
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The effect of euoh operation la difficult to predict, and 
oareful teata of the Whirlwind I ayatem will be neoeaoory 
to evaluate and perhapa modify the aarvoa. 

Tea) ml qua a of generating reallatlo noise and vibration 
effeota have already been aoooiapllehed by the Davy In the 
oonatniotion of Operational /light Trainers. 



* 


\ 
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6.0 System Design Studies 

Uloot Diagrams showing the organisation and control operation# 
of tho Whirlwind X computer will ho found In Vo lumen 5 and 6. 

Those block diagrams describe tho oontiol and the arithmetic ele¬ 
ment hat are not oon^lete In their description of Input and output 
devices, the control desk, chicking and trouble looatlon, aid the 
storage system. Work oontinoes toward completing the Whirlwind 1 
block diagrams. Block diagrams for Whirlwind II will be started, 
as well as a detailed consideration of probable Whirlwind II 
applications. The reader Is referred to Volumes 6, 6, and V for 
aooounta of the system block diagrams? detailed discussion of the 
oonputer codes, methods of handling alphabetical information, 
oheoklng, trouble looatlon, and special operations 

Cheoklng and special control fractions are reviewed In the 
following two eectlone. 

5.1 Inspection, Oheoklng, and Trouble Location 

Two categories of computer application must be dletln- 
culehadi 

1. Those applications where high ooet In life 
or property depend on the oontlnuoue and 
oorreot operation of the equipment. Moat euch 
applications fall In ths control category, for 
exanple, handling of air traffic, ohemlcal 
proossses and some military operations. 

2. Those applications where continuity of operation 
Is not of primary Importance even though ln- 
oorrsot answers nay bo financially costly. 

In Olase 1 not only nut faulty answers be rsjeoted but 
oorreot answers must be elmultaneouely available, k minimum 
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of throe aaol.lneu lo required. In cane of a failure, the 
two answer■ that agree oan bo taken as oorrect. A minimum 
of four machine* lo required If the check le to oontlcue 
while on* machine le being serviced. The number provided for 
each problem will depend on the eocnomloe of the situation. 
Checking using one pall of machines will In general be unsatis¬ 
factory since there le no quick way of determining which le 
providing correct answere when a discrepancy occurs. 

Class 2 computations where continuity of computer 
operation le not essential are the ones more ordinarily dis¬ 
cussed. The aorsal flow diagram for solving a problem by 
digital computation le shown In Drawing A-31200 

Checking of step 1, the mathematical Interpretation of tha 
physical problem, and step 2. the conversion of the mathe¬ 
matical formulation to machine code, can be done by having 
the problem Independently foreulated by two oapable groups. 

The two Independent formulations can then be run through the 
machine, a ccapar 1 son of the answere giving a thorough check 
on the operation of the entire sequence ilnoe the two formu¬ 
lations will. In general, be quit® different- It le also 
possible to check these steps >y comparing the machine 
answers with certain known results obtained by other meane. 

Well designed mathematical checks involving smoothness or 
Identities should also help In this checking. 

Depending upon the length and nature of the problem, trans¬ 
cription from written coda to photographic film can be done by 
duplication and comparison or hy proof reading. The operator 
inserts orders and numbers through a decimal keyboard as dle- 
ouaeed In Seotlon 3.1. With a more elaborate keyboard It would 
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b« possible to Insert alphabetic Information as veil- The 
numbers are to he rscordsd on the film In binary notetlon, 
the conversion having been porforwed automatically by equip- 
aent at the keyboard Toe sequence Is as follows) 

1. Decimal Input on keyboard by operator> 

2. Conversion to binary nuaber 

3 Decoding the binary nuaber baok to deolnal 

4. Printing the decimal number on a paper taps 

5- Inepeotlon of decimal nuaber by operator. 

The conversion equipment operates 
rapidly enough so that the printing It 
eeeentlally coincident with the Input. 

The binary cumber has not yet been recorded 
on the flla; thns the operator can correot 
any errors 

6. Recording of binary nuaber on film 

7. Checking of the recorded nuaber with the 
original through photocell Interlock 
(Ses Voluan 11, iiaatnan Kodak Report), 

Both the nuaber and Its complement are re¬ 
corded and oheokod. 

Two such files can bo transcribed and compared If desired. 
Another possibility is tc cheoi. the first flla against a 
second operator as proposed for the Bureau of Standards magns- 
tlc wlr# Input, However, ohsol.lng Is sufficiently complete In 
the writing prooese that proof reading of the paper tape 
against the original data should be satisfactory dor most 


I 
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problems, Checking by duplicate tapes or delicate operators 
Is equivalent to proof reading but ties up equipment. Again 
the choice Is en economic proble* depending on the value of 
the solution. It Is expected that many engineering solutions 
will be run for trial and Inspection purposes In which ex¬ 
tensive checking will not be Justified. 

Checking within the machine Itself will use four 
different methods. 

1. Continuous checkin; of some parts of the 
equipment r.t each step of an operation. 

2. Intermittent checking of the remainder of 
the equipment by the use of check problems. 

3. Checking ol one ok iircv.lt e and for lnolplent 
failures due to margined, operation by the 
use of inspection problems. 

4. Checking for true Intermittent failures by 
mathematical checks. 

Continuous checking of all parte of the computer either 
by elaborate Internal checking or by the dtq>lloatlon of com- 
putere does not seem warranted. Suoh checking le no more 
successful for discovering steady-state errors than Inter¬ 
mittent chocks by check problems. Continuous checking will 
dlsoover Intermittent or transient failures but loses muoh of 
Its value because It supplies lnidequate information for the 
diagnosis and correction of the trouble. Mathematical checks 
are a muoh less expensive way of discovering transient falluren. 
The time saved by Immediate detection of a transient fault will 
not be Important as long an such faults are relatively rare and 
oare Is taken to provide restarting points In the course of a 
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lengthy calculation- Some (continuous checking particularly 
in transfers between f 11a and computer and transfers within 
the computer It self will be provided In Whirlwind I. Those 
checks examine large sections of the machine but require 
relatively little equipment end no loss of tine. 

Check problons will be part of the main program wltnln 
the machine and will be run autoaatlcally at frequent Inter¬ 
vals, probably of the order of one second. The problems will 
be designed to test the operation of all elements of the com¬ 
puter with ae few operations as possible. The time required 
for cheok problems le not expeoted to exceed 1 to 6 percent 
of total computing t<me. in error 5"ade by any part of the 
computer during the check problem will cause the computer to 
stop. Steady-stats fallureo will thus be detected shortly 
after they have occurred as well as Intermittent failures of 
high ocourenoe frequency. 

Inspection problems will also be performed at intervals 
at the discretion of the operator, for example, once a day or 
as praotloe proves necessary. Component life teste to date 
Indicate that Intervale of this length or greater are practical. 
(See Section 4.1 and 4.3). The Inspection prooedure will oheok 
all normal cheeking clroults for proper operation- furthermore, 
It will be designed to detect marginal operation and Incipient 
failures, for oracle, the Inspection problems will be run In 
the computing machine as sufficient operating conditions are 
altered to demonstrate the operating margin of oocqponent cir¬ 
cuits. failure will be reduced from a marginal to continuous 
occurrence and will be picked up In the normal oheoklng and 
comparison processes so that the source of error can be looated 
and marginal operation eliminated^ As sxamplss, ths following 
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operating conditions can be changed 

1. Plate voltage raised and lowered to check 
flip-flop transfer rates, amplifier output 
signals, etc, 

2. Grid bias voltage rained and lowered to 
check circuit tolerances to inimt trigger 
signals, 

3. Clock repetition rata Increased and decreased 
to cheok frequency Independence of oirculte. 

4. Artificial loads added to critical clroults 
to check stability of signals. 

execution of thle inspection a«quenoe can be made 
entirely automatic and should take but a few minutes if equip¬ 
ment is properly designed. 

It Is expected that the majority of intermittent falluree 
will be avoided by the marginal failure oheoke In the inspection 
problem. Thos intermittent failure* which are not so avoided 
can best be discovered by the use of mathematical cheoks on 
reeults or partial results. Such checks might be for smooth¬ 
ness or identity or even in extreme oases by repetition using 
an entirely different computing method. Kven if a simple 
mathematical check is not poselble intermittent failures can be 
discovered by sloqily repeating the original problem. Stoady- 
•tats errors which oould cause both answers to be wrong and yet 
cheok will be discovered by the check problems. A true inter¬ 
mittent error will cause a dlsorepanoy between the two rune. 

Discovering the existence of an error le only one part of 
ohacklng. Just at important Is the looatlon and repair of the 
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faulty part. The Whirlwind ooi^mtors will use thres general 
a*thole for thli purpose, 

1. Indicators will be provided for blown fuses, 
open breakers, over temperature and other 
physical troubles. Monitors will bo provided 
for pul so nl mpsc, amplitudes, and frequencies.. 
Those nonltoro will be automatlo with Indi¬ 
cators and will also present wave nhapes on 
oscilloscopes at the operator’s console. 

2. The sntlrs computer can be run step-by-step, 
the contents of all computer registers being 
available on neon Indicators at the operator’s 
console. In addition, It will be possible to 
run the machine at high speed and yet to de¬ 
termine the content* of any register at any 
tin*. Colroldeno* counters, Illustrated In the 
oontrol deck. Drawing A-31083 of Section 3.1. 
make It pooslhl* to select the content! of any 
of the computer register* at any time-pule# In 
any operation of a computing sequence. The 
advantage■ of this system are both that the 
oomputer functioning at high epeed may be 
oheoked and that It will he much faster to 
reach a particular point In a computation by 
this moans than by step-by-step operation. 

The coincidence counters can he set to stop 
the computer at the eelseted point In a problem 
or to simply extract the desired Information and 
allow the computer to proceed. Provision will 
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bs sad* for the automatic oo«g>arleoa of «i- 
trastsd numbers with others previously ex¬ 
tracted or tot In by the console keyboard. 

3. Trouble-location problens are expected to be a 
most powerful aid In looatlng faults whloh occur 
continuously or at frequent Intervals. The value 
of these processes has already been demonstrated 
In the 5- stage multiplier. The trouble-location 
problems may consist of many thousand orders 
but need be prepared only once for the computer. 
They will be stored on one of the Input films 
end called Into uee only when needed. The 
sequence will start with elementary operations 
requiring a alnleum amount of equipment and 
gradually Incorporate the operation of other 
computing circuits. The computer will gener¬ 
ate a distinctive aaaber pattern for eaoh different 
pare *hloh falls* Ones the computer Is built and 
running It can be used for generating these 
patterns itself although they can bo generated 
more laboriously by manual means. The table of 
patterns a^ilnst failures oan either be con- 
sul.«d by the operator or stored on film and 
consulted by the machine. It Is expected that 
the majority of machine failures can bs located 
within a few minutes by this means. 


5.2 Special Control functions 


I 


The Whirlwind I computer le so designed that addition of 
speoltl operation!] is relatively easy, Kany of these epsolal 
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operation# have not teen included. In the first design but can 
be added In lAter designs or even added to Whirlwind I at a 
later date. Some special operations require no changes in 
the physical equipment. 

Alphabetical information and sorting by alphabetical 
olaeslfloatlon can bo readily handled In the Whirlwind Coa- 
puter. Alphabetical problems have thus far not been ones of 
major Interest, but ore dieousBod In Volume 7, H-134, and In 
Section 6.5 of this Volume. Preliminary Investigations Indi¬ 
cate that the high computing speed rad the large amount of In¬ 
ternal storage which can be provided In Whirlwind conqmters can 
be effectively and efficiently used In correlation and sorting 
problems. 

Aocumlatlon of products Is typical of ths kind of 
coloration which could bs readily provided If the need arose. 
Accumulation of products Bight be highly desirable In matrix 
operations. One of the extra order positions available In 
Whirlwind I could be used for this special operation. 
Accumulation of products Is discussed In Volume 7, M-136. 

Extracting square root# while not Included In Whirlwind I 
as a speolflc program order Is not appreciably mors difficult 
for the parallel type arithmetic element than the prooeee of 
division. Automatic division has been Included as more 
generally useful. In Whirlwind I square roots are sxtraoted by 
programmed arithmetic steps. However, ths automatic extraction 
of square roots would require little additional equipment and 
would bs desirable for any machine frequently used for problems 
Involving trlengulntlon. 

• Special output oontrole are required In many of the simu¬ 
lation problems. ?hs equipment will, therefore, be able to 
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perform such functionB as operating switches, controlling 
BSryooechanltBS, and performing other logical operatlcns 
of a physical nature which have been set up In the con¬ 
trolling program. 


. t 


I 
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6.0 Applications 



The Project Whirlwind goal le a oomplets simulation eyetsm 
lnoludlng digital computer, Input and output conversion of physical 
quantities to numerical Inputs and the roveree, and any specialized 
components required for speciflo applications. Essential to this 
progran Is a soundly engineered computer which can be used as a 
tool In the work to be done. Operating opsed has been set high 
not only to make possible the oaloulatlon of control and real-time 
simulation problems, but also to use efficiently the eleotrloal and 
electronic components of the system. The Whirlwind system can 
accept Information In many forms, Including numbers on film and 
magnetic taps; binary, ooded-declaal, and alphabetical symbols; 
eleotrloal voltages; time-pulse modulation; and meohanloal positions. 

The oonputer can put out numerical and graphloel results, end 
oan control Information and oommualoatlon systems 



The Whirlwind oo^uter can bo arranged to provide oontrol sig¬ 
nals for msohanlams reading films, megnetlo tape, paper taps, or 
punched cards, sc that Information In any original form Including 
teletypes oan be utilised. 

Because of the oontrol and computing flexibility, problems 
uid Information ooded for other computing systems can likewise be 
Interpreted, used dlreotly, or oonverted to the proper Whirlwind 
syetem of notation. This would Include the acceptance of data 
originally prepared la the coded decimal system, either ordinary 
hr exoess three, as well as alphabetical Information ooded In several 
forme. Additional ooameats on alphabetical work will be found In a 
leotion on ths Census Bureau. 

Many elsailstlon and computing applications have been Informally 
considered with various groups- Only a fsw of ths studies have been 
reduced to final written form, because data on objectives and 
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operating requirements of the problem hf.ee In general been too 
incomplete. 


The following problems are typical of the typee which have 
been ooasldered and discussed. Moat have been pursued far enough 
to make certain that Whirlwind equipment would meet the require¬ 
ment a of the application. Here again eufflolent detail haa usually 
been milling. 


6.1 Air Traffic Control 

Conelder for a moment alx traffic oontrol. We oan, for 
the purpose of arable dleo-ee trafflo oontrol aa merely an 
Information oenter without becoming Involved In the probleme 
of aircraft pilot paychology, the question of data presentation 
to the pilot, and the relative merits of the various automatic 
landing syiteme The comments apply equally to oontrol at air¬ 
ports or along the airway*. Air trafflo oontrol and proper 
handling of the Information may require among others the 
following functions: 

A. Badar Information 

1. The oo^juter should receive radar data Indicating 
the range, bearing, and vertloal angle of all air¬ 
craft In the vlolnlty. 

2. Thle radar Information a* It arrives met be corre¬ 
lated with previous alroraft Information. 

3. The radar may often supply beacon signals to the 
computer for Identification of most of the alroraft. 

B. Evaluation of Information 

1. Incoming Information must be ueed to oorreot the 
calculated locations of planes In the vlolnlty. 
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3. Bt.sod on available Information, future ooureee 
should be extrapolated or predloted to cheok 
against collision or to detect alroraft out of 
acslgped position*. 

3. Store required Information about each alroraft 
In the area. This Information would Include; 

a. X-oocrdlnate of position 

b. T-ooordlnate of position 

c. Altitude 

d. X-ooordlnate of opasd 

e. T-ooordlnate of speed 

f. Bate of ollmb 

g Hats of turn 

h. Accuraoy probabilities of the above 
positions and rates 

I. Deetlnatlon 

J. Origin 

k. Identification 

l. Other Information of Interest 

4. The computer noting as an Information oenter should 
reoognlse new alroraft entering the area and like¬ 
wise should reoognlse and remove from the computing 
system those alroreft which have left the area or 
have landed. 

6. The computing system giould use Information from 
other leteotors as It teoomes available, for 
esomple, trlangulatlon from other radar sets, 
visual sights, beacons, and radio oon all be 
correlated to give a better overall picture. 
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C. Presentation of Information 

Suitable dlaplajri and Indicators should b« 

aval lab Is for presenting the required Inf or nation, 

including: 

1. Indication of new aircraft coming within the am. 

2 . Indication of aircraft out of position or flight 
pattern. 

3. Warning of possible oollltlon oonroes and per¬ 
haps Indication of recommended course changes. 

4. Display of the surrounding air activity, showing 
present position of craft, their predicated 
positions, anl same Indication showing altitude 
as well as X-T position. 

D. Automatic Control 

3o far as the Information center and computing 
equipment are coaoernal, operation can be readily 
extended to lnolude automatic oontrol such ns 
blind landing operations. This function would 
be dependent on suitable detecting apparatus 
for providing the required accuracy of aircraft 
position. 

I. Safety 

Safety and reliability In air trafflo oontrol 
would of oouree be of utmost Importance. Com¬ 
puting equipment for handling the air trafflo 
control problem suet be engineered for the 
greatest possible reliability. In addition 
this type of applloatlon Justifies the use of 
multiple oomputlng units for reliability and 
cheoKlng purposes. 
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Oonelder now the problem of air traffic oontrol outlined 
above. The capacity of a computing aachlne la specified by 
two quantities: lta digit storage capaolty and Its computing 
speed. The air traffic control problem will be related here 
to the Whirlwind 1 system. This Is not because the Whirlwind 1 
system Is Ideally suited to traffic control, but rather bo¬ 
om#* It serves as an simple and a socle of referenoe. 
Approximate data for the Whirlwind 1 system follow: 

Storage: 2,000 registers, 16 binary 
digits eaoh 

Speed: 20 mloroeeoonde, plue or minus, 

per baelo operation 

We must examine both the speed and the storage capacity 
In order to evaluate the ueefulnese of a given machine la a 
specified problem. The figures which follow are probably 
accurate within 30£ and are based on detailed studies of 
elmllar problems- In Item B-3 above, we listed 13 quantities 
which might be required for eaoh aircraft. Others not listed 
might bring the total to 20 storage registers for eaoh air¬ 
plane. In general, the 16-dlglt accuracy of a storage register 
lr. Whirlwind I will be sufflolent for any of theue quantities 
with the possible exception of X and I positions and oertaln 
of the ratee. Quantities requiring higher accuracy may be 
handled with 2 storage registers allooated to the quantity,, 
providing 32 binary or approximately 10 decimal places of 
sensitivity. Assume for purposes of Illustration that we wish 
to handle a maximum of 60 airplane* In the area at on* time. 
Total etoreg* required for aircraft data 1* then 60 time* 20, or 
1,000 storage register*. 

Based on previous work, about 600 ragleter* are required 
for storing the oomputlng program These control orders In¬ 
clude those required for handling the radar correlation, the 
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ldentlf loatlon of new aircraft, the extraction of old alroraft 
from the computing system, and recognition of the various 
altaraataa and emergency situations which tha lnforoAtlon 
oantar la to handle. A preliminary mathematical treatment 
of radar correlation la given In Volume 8, M-124. 

fifteen hundred regletera are therefore required for 
atorlng tha computing program and tha airplane data. The 
remaining 530 rtorage regletera of Whirlwind 1 would be 
available for atorlng data regarding fllgit patterne. or 
might ba uaad In conneotlon with automatic landing procadurea, 

Wa auet now examine computing epeed requirements for the 
above problem. In general, only a part of the 500 ordara 
will be required each time a particular alroraft In tha air 
control system la considered, beoauee many of the possible 
emergencies and contingencies need not ba treated. Say for 
example 300 ordara are required for disposing of a new place 
of radar Information relating to a particular airplane. Tha 
remaining 200 ordara are need only occasionally to treat 
unasual clr cum stances. The ooaqmtatlon, sorting, and oontrol 
Indicated by the 300 orders will require, at 20 microseconds 
aaoh, approximately 6000 aloroseeonds To treat each of tha 
50 airplanes would then require 0.3 seconds, ee Indicated In 
the tabulation below. 
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Whirlwind. I •tor’.ge 
Registers per plane 
Humber nf plane■ 
Registers for all plane* 
Registers for program 

Registers remaining 

Computing time per order 
average 

Order* per aircraft, 
average 

Computing tin* per 
aircraft 

Computing time, 50 
aircraft 


Section 6.3 
2048 register* 

20 

60 

1000 

600 

648 

20 mlcroeec. 

300 

.006 see 

0.3 eeo. 


It 1* probably not neoeeeary to ooaqjuta aircraft positions 
each one-third eeoond, hut the additional time night he de¬ 
voted to landing or other operation*. Kztenslon of the 
storage capacity by addition of other digit column* would 
make possible the handling of larger number* of alroraft or 
Intricate detail* relating to flight pattern* and control 
operations. 

6.2 dir force* Computer 

Representative* of the dir foroe* visited th* Servo¬ 
mechanism* laboratory In May. 1947, to discus* the application 
of Whirlwind oomputer* to a large-soale bookkeeping and 
loglstloe problem. The problem was considered only In the 
detail permitted by a single conference. The result of th* 
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conference Indicated that Whirlwind computer* would curve 
usefully In the required application and that their high »P®«d 
and large Internal memory would he valuable In the e or ting and 
collating operation* required. The problen alto required 
operatlone on matrices up to the order 100, the performance 
of whloh le greatly aooelerated by extensive Internal storage. 

Ho work was undertaken In connection with the Air force 
pro gran beoaune it vat pointed out that Projeot Whirlwind was 
progressing as rapidly as possible and that additional funds 
at that time would not appreciably accelerate the availability 
of equipment to the Air foroes. It was further pointed out 
that Whirlwind equipment Aen developed would meet the re¬ 
quirements and that the Air To rose would be well advised to 
await the availability of the first Whirlwind system to try 
certain of the problen* outlined. 

Speolfloatlons as originally written for the Air forces 
deeorlbe a cocqjutor some 10 times the capacity of Whirlwind 1 
but smaller than Whirlwind II. 


6.3 Aray and Havy War College Simulator 




Simulators for tactical training have been discussed on 
several ooeaslona with members of both the Army and the Havy 
A oomputer with oharaoterlstlos of the Whirlwind system at a 
sits Intermediate between Whirlwind I and Whirlwind II ssems 
most appropriate. In one applloatlon the simulator must 
generate the absolute and the relative motions of Alps and 
task groups of the opposing foroes being simulated. At each 
of the many oommand osntere must be controls whloh set Into 
the oo%mter such factors at the discretion of the command 
group as course, speed, fire oontrol, and defense. The con- 
pmter must keep a running acoount of positions, damage, offensive 
and defensive oapeolty, and scoring. 
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6.4 Uulded Missile Data Seduction 

Components of the Whirlwind system are suitable In 
practically tba fora now contef.platsd for application to ttaa 
problem of guided alaalla data reduction. A computar of the 
Whirlwind I typa might ba uaed. bat a radaalgned and aora 
contact varaion, equivalent In physical conatractlon bet of 
amallar capacity than Whirlwind 11, weald ba aora suitable* 
la such a galdad alaalla data handling aystan, all talaoetarad 
Information should be recorded In a fora suitable for direct 
use by digital computation. Signals aodulated by code, time 
pulse, fxsquency, or amplitude can be Interpreted by reasonably 
simple olroul-.a and recorded as binary numbers on photographic 
film. Since tha data that are recorded will bo subject to tho 
usual experimental errors, lnoludlng roughness In the nuatrloal 
values and In aany cases omission of signals due to telemetering 
and communication failure, It will bs necessary that the com¬ 
puting system smooth and Interpret the recorded data. 

for example, the computing program oan be so designed 
that missing information oan bs filled In by extrt^olatlon of 
preceding and succeeding data. Such a computing program might 
be readily set up on the basis of trajectory continuity and 
smoothness. In most tests, data will be recorded at several 
receiving polnta, and these must be properly matohed and 
evaluated In the data reduction process. Triangula!Ion for 
trajectory becomes possible by measuring the time difference 
of signal reception at several receiving polnta or by trl- 
angulatlon using the measured radar range from several locations* 
Time would be reoorded along with the data to permit correlation 
by the oo^xiter. Data on trajectories and the missile oontrol 
system behavior should bs reduced to the final form required 
for Interpretation before the material leaves the numerical 
fora In which It can be handled by the computing system. 
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6,6 The denims Prohlea 

It le only very recently that Information ha* been re¬ 
ceived about the oeneue problem.. Consequently, very little 
etudy has been given to the oeneue problem In relation to 
Whirlwind I. The following comments have been prepared on 
this Jhort notice. 

The peculiar properties of the census problem seem to be 
as follows' 

a. Tory large quantities of external data must 
be handled. 

b. The bulk of the work lies In sorting and 
tabulating this external data. 

o. It will be necessary to transfer, sort and 
tabulate alphabetical data using the machine. 

The gains expected from the use of digital computers arei 

a. Greater speed and economy. 

b. More efflolent storage of external data. 

There are then two considerations In the maohlnei 

a- Its Internal organisation, computing speed, 
and setup procedure must be such as to 
efficient' y oarry out limited manipulations 
with large quantities of data. 

b» The Input and output equipments mast be 
arranged to supply and raoalve the large 
quantities of data handled by the maohlne and 
to do so rapidly and efficiently. An efficient 
balance must be maintained between the oper¬ 
ating speeds of tbs computer and lte Input 
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and output equipment • Die ratio of the 
number of computer operatlone performed 
to the amount of Input data received from 
tapes la much laaa than azlata In simulation, 
control and scientific calculation problems. 


It la difficult without a detailed study to discuss the 
suitability of the film Input and output of Whirlwind I to the 
oensus problems. It may well be that an erasable medium such 
as magnetic tape may be sufficiently leas expensive and even 
sufficiently more flexible to warrant Its use Instead of photo¬ 
graphic film. It Is also difficult to estimate the efflolenoy 
of balance between Whirlwind I and Its proposed Input and out¬ 
put devloet for oensus problsms. It Is always possible, how¬ 
ever, to use multiple Input and output equipment with a single 
oomputer. Comment will be limited here to discussion of the 
internal organization of the computer Itself. ‘ 


first, the Whirlwind I order code has bean designed to be 
completely general and flexible, the only departures have been 
a few additions to facilitate computation on the problems of 
principal Interest. Corresponding modifications for handling 
census information could be Incorporated. However, no such 
modifications seem warranted. 


The census problem reduces to a series of Inspections on 
externally supplied digital Information. These inspections de¬ 
termine either equality or magnitude of the number* Involved. 
Ohe character of the number determines its dlspooltlon or the 
disposition of aooo^ianylng data. The daslred operations may 
Include tabulation In eeleoted reglstore, the restorage of the 
entire block of data on an output tape, or even modification of 
the data Itself. 
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The Whirlwind computer will perform the bo funotlona 
through the use of lta addition, subtraction, shifting, and 
conditional subprogram orders. Programs may bo readily 
written for examining numbers whloh occupy considerably less 
than a register length, as will be the oase In most of the 
oensus applications, or for examining numbers whloh occupy 
several register lengths such as are likely to oocur In 
alphabet leal sorting. Bo trouble 1s presented by blocks of 
Information requiring several registers In which each register 
oontalns several short numbers. 

The high counting ipeed of Whirlwind 1 should result In 
short .elation tines In cennus problems as In othars. If the 
computer handles Information fastar than the Input and output 
devices can transfer It, then a number of each dovlcee can be 
used with eaol computer. It may also be possible to use eons 
of the high computing speed to perform more complicated sorting 
ana tabulating procaeese within the computer, thus reducing the 
number of transfers between tapes. This advantage will beooma 
■ore apparent If a large amount of storage capaolty Is pro- 
vldsd. At prsssnt Whirlwind I will ellow tabulation in about 
1000 to 2000 different categorise defending upon the site of 
the tabulation and the amount of program required. If desired, 
thin storage capacity can be lnoreaosd. 

Although no though was given to alphabetic data whan the 
organisation of Whirlwind I was pla.-aed, there s>tams no reason 
to suppose that the computer will be unable to handle It. 

The machine will handle such data, considering each alphabetic 
character as a binary coded Timber whloh does not occupy a 
full register length The machine will require no faollltles 
beyond those already avellablo for sorting alphabetic data In 
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ooquecc®, exaalnlng elphatwtlo lnfornntion for 5quality, or 
manlpulatlrg arithmetic information with alphabetic marker*. 
Further information on this subject will be found in 
Volume 7, K-134. 
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